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EDITORIAL 


The intent of this Special Issue of the Proceedings of the Royal Society of Queensland is to highlight 
research, conservation and management issues associated with the coastal sand masses and islands of 
south-east Queensland, from North Stradbroke Island in the south to Fraser Island in the north. One major 
objective has been to provide an update of two previous Royal Society volumes from the 1970s and 1980s: 
Stradbroke Island Symposium (1975) and Focus on Stradbroke: new information on North Stradbroke 
Island and surrounding areas, 1974-1984 (1984). 


South-eastern Queensland faces many pressures and management challenges associated with its 
increasing population and much of the pressure will be felt on the sand dune islands, one way or another. 
At the same time there is a commitment to reserve much of North Stradbroke Island as National Park 
and develop a post-mining economic future based on sustainability values. These developments make 
a compendium of papers focused on islands of sand and their fascinating landscapes and ecosystems 
especially timely. We invited papers from many colleagues and institutions known to have a research or 
management interest in the islands. The response was enthusiastic and topical, suggesting arrangement 
of papers around four main themes — water and sand, wildlife and wild plants, mining rehabilitation, and 
the past, present and future of sand islands. 


Water and Sand: Seeking to quantify the sustainability of groundwater extraction from the North Stradbroke 
and Bribie sand islands is the motivation for the first series of contributions to these Proceedings. These 
papers provide a valuable repository of geologic, geomorphic and hydrologic information on these islands, 
but also seek to guide future management of the islands’ freshwater resources through testing potentially 
predictive models of these resources. Other contributors provide an historical setting to groundwater 
extraction and sand mining. 


Wildlife and Wild Plants: The wild plant and animal communities of dune islands emerge as a result of 
intricate interactions of geological, hydrological and ecological processes. Proceedings papers provide 
new distributional and ecological information about terrestrial and aquatic vegetation, invertebrates, 
fish, frogs and the vulnerable native water mouse (Xeromys myoides). A number of papers consider 
the freshwater ecosystems of sand islands, which have unusual characteristics (low nutrient status, 
heavily stained acidic waters, low biological productivity) yet they support a wealth of life including 
rare and endangered species. Some papers consider changes in these communities over time, both 
through palaeoecological studies and modern monitoring, and reveal ecological change and resilience in 
response to changing climates and habitats. 


Mining Rehabilitation: The mining and rehabilitation theme of these Proceedings presents a compilation 
of papers that deals with the history of mining and the science of restoration. Collectively these articles 
present the challenges and solutions to rehabilitating soil abiotic and biotic properties, the impacts of 
mining-related hydrological changes, and the monitoring of rehabilitation success as manifest in plant and 
animal assemblages. 


Past, Present and Future: While the natural resilience of sand island ecosystems to disturbance has been 
well documented herein, their vulnerability to human actions, accidents (such as the Pacific Adventurer oil 
spill), invasive species and climate change warns us that places of sandhills must be used sensitively and 
managed carefully to conserve their unique characteristics and values. The volume finishes with a reminder 
that there are different ways of understanding sustainability. 


This volume would not have been possible without generous support from Griffith University (Deputy 
Vice-Chancellor — Research, Griffith School of Environment, Australian Rivers Institute), Sibelco 
Australia Ltd., Queensland University of Technology (Faculty of Science and Technology, Discipline 
of Biogeosciences), University of Queensland (Centre for Mined Land Rehabilitation [Sustainable 


Minerals Institute], School of Geography, Planning & Environmental Management), the Royal Society of 
Queensland, and the insightful contributions of the numerous authors and reviewers of the manuscripts. 


We hope that sharing knowledge from these studies of sand islands will enhance our appreciation and strengthen 
our resolve to protect these fascinating areas of Queensland’s natural, social, spiritual and economic heritage. 


Angela H. Arthington, Timothy J. Page, Calvin W. Rose and S. Raghu (Editors). “A Place of Sandhills: 
Ecology, Hydrogeomorphology and Management of Queensland’s Dune Islands”, Proceedings of the Royal 
Society of Queensland Volume 117, 2011. 
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WATER FOR A DROUGHTED METROPOLIS: THE EARLY TWENTIETH CENTURY 
SCHEME TO SUPPLY WATER TO BRISBANE FROM STRADBROKE ISLAND 


STUBBS, B.J. & SPECHT, A. 


Drought in the earliest years of the twentieth century stimulated much discussion in Brisbane about the 
quality of the water supplied to the rapidly growing city. One of the various schemes developed by the 
Board of Waterworks to obtain better water was the Stradbroke Island Scheme. Although not adopted, 
its consideration required the close examination of the island’s topographic and hydrological features, 
including an exhaustive survey of the island by Herbert W. Lethem, completed early in 1903. His 
detailed map and report, together with reports by others such as Board engineers H. G. Foster-Barham 
(1901) and J. Kemp (1906), and American expert A. Hazen (1907), provide a significant body of 
scientific knowledge of Stradbroke Island. These records portray the island long before the beginning 
of mineral sand mining (1940s) and municipal water extraction (1990s). This paper is an historical 
account of the Stradbroke Island Scheme and an assessment of its legacy. 


Brett J. Stubbs (b.stubbs@uq.edu.au), Honorary Research Fellow, School of History, Philosophy, 
Religion and Classics, The University of Queensland, St. Lucia, OLD 4067, Australia. Alison Specht, 
Australian Centre for Ecological Analysis and Synthesis, The University of Queensland, St. Lucia, 


OLD 4067, Australia. 
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INTRODUCTION 

Access to a reliable supply of good quality drinking 
water was one of the major tests of a new colony’s 
success, indeed of the success of any human settlement. 
The vagaries of the Australian climate have presented 
many challenges to the achievement of this goal. This 
paper presents the story of the mostly forgotten role 
of one great sandy island in the survival of what is 
now one of the largest cities in Australia—Brisbane— 
through one of the worst droughts in our recorded 
history. Although extraction of water from Stradbroke 
Island was not undertaken at that time, many prescient 
observations were made and actions occurred of which 
we might well take note today. 


One of the earliest actions of the parliament of the 
new colony of Queensland was to ensure a good 
and reliable water supply. In September 1863, four 
years to the month after the incorporation of the 
Municipality of Brisbane, and a little sooner after the 
separation of Queensland from New South Wales as 
a new colony, the Queensland parliament passed the 
Brisbane Waterworks Act (27 Vic. 19) for the purpose 
of constructing works to supply the city of Brisbane 
and its suburbs with ‘pure and wholesome water’. The 
Act constituted the Brisbane Board of Waterworks, 
which held its first meeting in January 1864. The 
Board soon undertook to establish a dam at the head 


of Enoggera Creek, and to bring water about eleven 
kilometres to the town by gravitation. The works were 
completed in 1866, and in July that year water flowed 
in Queen Street for the first time. 


Work was commenced in 1882 on a second storage 
reservoir, at Gold Creek, about five kilometres south- 
west of the Enoggera reservoir. This was completed 
late in 1885, a particularly dry year. By that time, 
surveys of the Brisbane River in the vicinity of Mount 
Crosby were under way for the Board, to obtain even 
more water for the growing city, directly from the 
river. Works at Mount Crosby were commenced in 
July 1890, and completed in April 1892. The pumps 
were first set in motion for the supply of the city in 
May 1893 (Rogan, 1992). 


After some extraordinarily wet years in the 1890s, 
Brisbane was visited around the turn of the century 
by an unprecedented drought. The city’s water supply 
then comprised the two reservoirs at Enoggera 
Creek and Gold Creek, and water pumped from the 
Brisbane River near Mount Crosby. In February 1901 
the water in the Gold Creek reservoir was so foul 
that it was deemed advisable to empty the reservoir 
and thoroughly clean it. The dam hadn’t overflowed 
since March 1898, and didn’t again until May 1903. 
The Enoggera dam didn’t overflow between 10 July 
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1901 and August 1903. In January 1901, the discharge 
of the river at Mount Crosby fell below the quantity 
being pumped, so later that year the Board installed a 
temporary welr to retain water at the pumping station. 
A permanent weir was later added a short distance 
downstream. During much of 1902, the temporary 
weir held up the entire natural flow of the river. 


In the midst of this crisis, the Board of Waterworks 
undertook to identify means of purifying the existing 
water supply, and opportunities for augmenting the 
supply, both by increasing the amount available 
from the existing sources and by utilising new 
sources. Of potential new sources, Stradbroke 
Island was a strong contender and received close 
attention during several years at the beginning of 
the twentieth century. Those several years are the 
focus of the following discussion. 


THE FOSTER-BARHAM ERA, 1901-1904 
Serious consideration by the Brisbane Board of 
Waterworks of Stradbroke Island as a source of 
water for the city began in 1901, at the beginning 
of the term of Hugh Garratt Foster-Barham as 
engineer for the Board. Foster-Barham was 
selected from a field of seventy applicants for the 
position late in 1900, and arrived in Brisbane in 
March 1901 to take up his duties, filling a vacancy 
left by the death of Alexander Stewart, previous 
engineer of the waterworks. Foster-Barham was 
born at Bridgewater, Somersetshire, in 1867, and 
was thirty-three years of age when appointed. He 
had been involved widely with the construction, 
maintenance and management of various water- 
works in England, and most recently had filled 
the position of engineer, manager and secretary 
to a water supply company on the island of Jersey 
(Brisbane Board of Waterworks, 1900, 1901; 
Brisbane Courier, 6 October 1900, 9 March 1901). 


In May 1901, Foster-Barham received instructions 
from the Board to report on water supply matters. It is 
not known whether Stradbroke Island was specifically 
included in these initial instructions, but it is known 
that Foster-Barham at first devoted his attention to 
the question of the purification and filtration of the 
existing supply, conducting experiments along these 
lines at Enoggera (Brisbane Courier, 1 June 1901, 
24 July 1901). 


Foster-Barham submitted some of his early 
opinions on the general question of water supply 


to the Board in July, but cautioned that he could 
not recommend any of the proposals without a 
‘fuller and more detailed examination’ of each 
case. Stradbroke Island, he ventured, was a 
source ‘well worth thorough consideration before 
any large expenditure on filter beds or increased 
storage is contemplated’ (Brisbane Courier, 24 
July 1901). The engineer spent more than a week 
on Stradbroke Island in September and October 
1901, investigating its suitability as a source of 
water supply, and was joined for part of that time 
by members of the Board. Foster-Barham observed 
especially that the constantly-discharging springs 
emerging on the eastern side of the island appeared 
to be drained by one long creek [now known as 
Freshwater Creek], and that the water was abundant 
enough ‘for the supply of several Brisbanes’. He 
was concerned, however, that a pumping station 
near that stream would necessarily be at low 
elevation, and may be vulnerable to encroachment 
by the sea. He favoured, therefore, sinking wells at 
higher elevation and pumping from these instead. 
There was an abundance of wood available on the 
island as fuel for the purposes of pumping. As 
well as the island itself, Foster-Barham inspected 
practically the whole of the forty-eight miles 
(nearly 80 km) that would need to be traversed 
to bring water from the island to a reservoir on 
the mainland at Highgate Hill, South Brisbane 
(Brisbane Courier, 3 and 24 September 1901, 29 
October 1901; Brisbane Board of Waterworks, 
1902; Phillips, 1905d, p.39). 


The Board of Waterworks held a special meeting 
on 4 December 1901 to consider the Stradbroke 
and other schemes before it. The outcome of the 
meeting was not publicised, so is unknown, but it is 
clear that the Board undertook to further develop the 
Stradbroke Island scheme. The Courier understood 
this, thinking it a source of ‘high satisfaction’ to 
Brisbane that the Stradbroke scheme ‘has been 
put forward as within the compass of reasonable 
engineering’ (Brisbane Courier, 3 and 4 December 
1901). Action was soon taken to engage a surveyor 
to undertake a thorough examination and survey of 
the island; recording was begun of meteorological 
observations on the island; and a request was made 
to the Department of Public Lands to set aside 
Stradbroke Island as a reserve ‘for water supply 
for Brisbane and suburbs’ (Brisbane Courier, 12 
March 1902, 14 May 1902; Brisbane Board of 
Waterworks, 1902). 
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THE SURVEY OF STRADBROKE ISLAND, 
1902-1903 

Soon after the completion and submission of 
Foster-Barham’s report in October 1901, the Board 
took action to obtain the services of a competent 
engineering surveyor to undertake a comprehensive 
survey of Stradbroke Island. Herbert William Lethem, 
of the survey branch of the Railways Department, was 
chosen for the task, and he commenced work on the 
island in May 1902. 


Lethem, born in 1858 at Lanark, Scotland, had come 
to Queensland with his parents in 1862. After being 
educated at Brisbane Grammar School, he was 
articled to the Brisbane firm of Smellie and Co. for 
the purposes of learning the iron trade. He then served 
time with his elder brother, Charles Basil Lethem, a 
surveyor, and after passing his examinations in that 
field was employed in the office of the Chief Engineer 
for Railways. He then joined the surveying camps, 
and was first in charge of a camp in 1881 when 
engaged on the Beenleigh line, south of Brisbane. 
He subsequently resigned and went to England, then 
visited North America where he worked for a while 
in railway surveys in California. Upon his return to 
Queensland he assisted in the survey of a proposed 
railway from the Cloncurry copper mines to the river 
port of Normanton on the Gulf of Carpentaria. After a 
period when he was in business on his own account, 
he rejoined the Railway Department, from where he 
was chosen to undertake the survey of Stradbroke 
Island (Brisbane Courier, 19 April 1904). 


Lethem began his survey at the southern end of 
Stradbroke Island, opposite Russell Island. The latter 
had already been surveyed by the Lands Department, 
and Lethem connected with it by triangulation 
across Canaipa Passage. As the survey progressed, 
the drought worsened, and the Board came under 
increasing pressure to act. Lethem was permitted 
to employ an additional surveyor and two men, to 
allow him to finish the survey sooner. Differences 
in the Board were highlighted, especially between 
John Hardgrave, the chairman, and George Phillips. 
For example, Phillips cautioned the Board against 
spending too much money on existing sources, and 
so committing themselves to them, until they had a 
report on the Stradbroke Island scheme; Hardgrave, 
however, protested against spending money on the 
Stradbroke Island survey ‘under the present conditions 
of Brisbane’ (Brisbane Courier, 12 March 1902, 22 
April 1902, 30 July 1902, 14 August 1902). 


The state of the Brisbane water supply had become 
so dire by December 1902 that the Commissioner 
for Public Health wrote to the Board warning that 
‘should the present unsatisfactory condition be not 
remedied within a reasonable time...I shall take such 
steps in the interests of public health as the Health Act 
may empower me to prevent the consumption of the 
polluted supply, and to overcome the apparent apathy 
of the board in the matter’. The quality of the water 
from the Mount Crosby supply was, he said, ‘quite 
unfit for domestic use’, and ‘inimical to the health of 
the public generally’ (Brisbane Courier, 23 December 
1902). At a meeting of the Brisbane Municipal 
Council that month, there was discussion of the ‘dirty 
appearance and unwholesome smell of the water being 
supplied to the city’. The state of the water convinced 
at least one alderman (Gailey) of the desirability of 
bringing the city water supply from Stradbroke Island 
(Brisbane Courier, 23 December 1902). 


In mid-January 1903, a second visit of inspection was 
made to Stradbroke Island by members of the Board 
and various others. The others included the Governor 
(Sir Herbert Chermside), the Mayors of Brisbane and 
South Brisbane, the Government Bacteriologist, the 
Government Analyst, the Commissioner for Public 
Health, and the Board’s engineer, H. G. Foster- 
Barham. It was observed: ‘It is doubtful whether so 
much scientific talent was ever assembled on any 
previous mission to Stradbroke Island’. 


The party left Brisbane late in the afternoon on the 
Government steamer Lucinda; anchored for the night 
inthe lee of Mud Island in Moreton Bay; and proceeded 
to Dunwich early the following morning, arriving in 
time for breakfast. During two full days on the island, 
they visited Lake Karboora (Brown Lake) and Blue 
Lake, met with Lethem (still at work on the island), 
and cruised to Russell Island and Canaipa Passage 
where the water main was to cross to the mainland. 
A descriptive account of the visit was published in the 
Brisbane Courier on 16 January 1903. 


Lethem presented his report to the Board on 9 
February 1903. Over the previous nine months or so 
on the island, he had established 110 flag stations, and 
calculated the height of 82 of them; levelled over a 
distance of 24 miles 43 chains (39.5 km); traversed 
over a distance of 21 miles 24 chains (34.3 km) by 
theodolite and 248 miles (400 km) by chain and 
compass; and, among other things, measured the water 
levels at sixteen lagoons, and calculated the areas of 
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their watersheds. He concluded that, despite the year 
of his survey being the driest on record, there was on 
the island ‘an abundance of water of the best quality 
for a population of at least 500,000 in time of drought’ 
(Brisbane Courier, 11 February 1903). 


The drought was eased by moderate falls of rain in 
February and March 1903, and it well and truly broke 
in May. The 300 mm of rain recorded in Brisbane that 
month was nearly three-quarters of the total of 411 
mm for the whole of 1902. Nevertheless, the search 
for additional water for the city continued. 


Progress on the Stradbroke Island scheme 
simultaneously received two severe setbacks early 
in 1904. One of these was the resignation of H. G. 
Foster-Barham, accepted at a meeting of the Board on 
18 April. The other was the death, also on 18 April, of 
H. W. Lethem, at the age of only 46 years. His death 
was not unexpected, as he had been suffering from a 
severe illness for many months, but it nevertheless 
disrupted progress on the Stradbroke Island scheme 
(Brisbane Courier, 19 April 1904). The Board noted 
in its annual report for the year to 30 April 1904 that 
‘owing to the prolonged and fatal illness of Lethem, 
it has not been possible to frame an estimate of the 
cost of the works necessary for rendering a supply 
available from this source. We hope to resume and 
complete the survey at an early date’ (Brisbane Board 
of Waterworks, 1904b). Work in connection with the 
scheme was not resumed until mid-1905 (Brisbane 
Board of Waterworks, 1905). 


THE KEMP ERA, 1905-1906 

A new engineer, John Kemp, was appointed to 
the Board of Waterworks early in 1905, in place 
of Foster-Barham who had resigned in 1904. 
He took up his duties in May 1905. Kemp was 
English, like Foster-Barham, and was born in 
1859 at Kendal, Westmoreland, and educated at 
Haversham Grammar School. He held surveying 
and engineering appointments with local authorities 
in England before coming to Queensland in 1901, 
after having been selected from fifty applicants for 
the position of city engineer and surveyor to the 
Brisbane City Council. It was from that position 
that he moved to the Board of Waterworks in 1905. 
He remained with the Board and its successor, the 
Metropolitan Water Supply and Sewerage Board, 
until 1912 (Brisbane Courier, 25 June 1901, 11 
April 1905; Brisbane Board of Waterworks, 1905; 
Courier-Mail, 17 May 1935). 


Work on the Stradbroke Island scheme was continued 
by Kemp during 1905, and early in 1906 he submitted 
a preliminary report on the matter to the Board. He 
concluded that the supply of water from the island 
was permanent and constant, and of good quality, 
and that the scheme was feasible. He also provided 
estimates of the cost of two variants of the scheme: 
to pump water from Eighteen Mile Swamp; and 
to obtain it from wells or bores sunk on the island 
(Kemp, 1906a; Brisbane Courier, 2 February 1906). 
It remained, however, for exploratory bores to be 
sunk to ascertain the quality, level and flow of the 
subterranean water, and to complete the surveys of 
various pipeline routes on the mainland (Brisbane 
Courier, 20 February 1906). 


Kemp submitted a final report in December 1906, 
covering aspects of the Stradbroke Island scheme, 
and means of improving and extending the existing 
sources of supply from the Brisbane River, Enoggera 
Creek and Gold Creek. New information from 
the island included data, especially water levels 
and chemical analyses of sand and water, from 
twenty-three exploratory tube wells put in place by 
September. From the water level data, Kemp was 
able to conclude, significantly, that the water levels 
in some lakes—those which we now call ‘perched’ 
lakes—was not governed by and bore no relation to 
the line of complete saturation within the sand mass 
(Kemp, 1906b). Previously it had been understood 
that the water level in the lakes, and in particular the 
‘perched’ Lake Karboora, indicated the level of the 
water within the surrounding sand mass (Phillips, 
1905d; Brisbane Courier, 11 February 1903). 


Kemp made no recommendation as to whether the 
Board should adopt the Stradbroke Island scheme, or 
retain, extend and improve the Brisbane River supply, 
for reasons that will be explained later. 


THE INFLUENCE OF GEORGE PHILLIPS, 
1901-1906 
Throughout the period from 1901 to 1906, and 
underlying most actions with regard to the Stradbroke 
Island scheme, the influence of George Phillips was 
strongly felt. Phillips, a civil engineer and surveyor, 
had been appointed to the Board of Waterworks 
in September 1901, by which time he had already 
become an advocate for the use of Stradbroke Island 
as a source of water for Brisbane and its suburbs. 
He staunchly continued his advocacy from his new 
position, generally in opposition to the Board’s 
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chairman, John Hardgrave, who saw little sense in 
the scheme. Lewis Bernays, long-time secretary to 
and member of the Board, in 1905 acknowledged 
Phillips as ‘the originator of this great scheme’. 
Even before his appointment to the Board, and 
before Foster-Barham had visited Stradbroke Island 
himself, Phillips had been the latter’s main source of 
information about the island. 


Phillips (Figure 1) was a native of Burslem, 
Staffordshire, England, where he was born in 1843. 
He came to Australia at the age of eight years, and 
settled in Sydney. After an education in a private 
school at Parramatta, he joined a solicitor’s office, 
intending to build a career in the law. Instead, he 
became a surveyor and civil engineer, first joining 
the Roads Branch in Queensland as a surveyor in 
1862. He subsequently joined the Surveyor-General’s 
Department and worked in the Gulf country where 
he was responsible for laying out the towns of 
Burketown, Normanton, and the ill-fated Carnarvon 
on Sweers Island (Saenger and Stubbs, 1994). He 
was transferred to the Brisbane district in 1874, 
and five years later joined the Railways Department 
as inspector of railway surveys in the southern 
division, a position he held until 1886 when he left 
the government service. He then practised privately, 
overseeing the construction of many railways, 
including the line from Normanton to Croydon. 
He represented the electorate of Carpentaria in 
the Legislative Assembly from 1893 until 1896 
(Brisbane Courier, 3 June 1921; Queenslander, 11 
June 1921; Cairns Post, 7 October 1938; Kitson and 
McKay, 2006). 


Phillips first became acquainted with Stradbroke 
Island in September 1876, when he had occasion to 
visit for three weeks for the purpose of surveying 
some land for an oyster company. Many years later, 
hearing that the system of supplying water to Brisbane 
was under review, Phillips mentally explored possible 
sources of water supply, and recalled the constantly- 
running streams of pure, cool water that he had 
previously encountered on Stradbroke Island. In May 
1900, he published a letter in a Brisbane newspaper 
recommending the island as a new source of supply, 
and in June 1900 he revisited the island, spending two 
days exploring on horseback, crossing it in several 
directions, traversing seventy miles (about 110km), 
calling at many of its lakes, and further developing his 
ideas on the use of its abundant resource of pure water 
(Phillips, 1900, 1905d). 





FIG.1. 


George Phillips 
civil engineer (Source: Museum of Lands Mapping and 
Surveying, Brisbane) 


(1843-1921), surveyor and 


It was Phillips who wrote to the Railways Department 
in December 1901, on behalf of the Board of 
Waterworks, seeking the services of an engineering 
surveyor for twelve or eighteen months to undertake 
a survey of Stradbroke Island. H. W. Lethem, of the 
survey branch of the Railways Department, was 
specifically requested (Brisbane Courier, 31 December 
1901). Phillips was well acquainted with Lethem, who 
had worked on the survey of the Beenleigh railway, 
in Phillips’s southern division, in 1881, and who later 
assisted Phillips in the survey in 1889 of the proposed 
railway line from Cloncurry to Normanton. 


Phillips was outspoken in his advocacy of Stradbroke 
Island as a source of water supply. His treatise on 
the subject of the Brisbane water supply, including a 
discussion of Stradbroke Island as a potential source, 
was serialised in the Brisbane Courier in January and 
February 1903 (Phillips, 1903a,b,c,d,e,f,g,h). He urged 
the completion of the Stradbroke Island scheme and 
the extension of the Enoggera and Gold Creek sources 
by the end of 1905, at which time the Mount Crosby 
pumping station should, he believed, be closed down 
(Phillips, 1903h). 
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In May 1905, Phillips presented a paper on Stradbroke 
Island as a water supply to a meeting of the Royal 
Geographical Society of Australasia, Queensland 
Branch (Brisbane Courier, 26 and 27 May 1905). 
This too was serialised in the Brisbane Courier, as 
well as being published in the proceedings of the 
society (Phillips,1905a,b,c,d). Phillips’s paper seems 
to have revitalised interest in the scheme, as the 
Board of Waterworks revisited Stradbroke Island in 
September 1905 in order to become ‘more thoroughly 
acquainted’ with his proposals. The party, which 
in addition to members of the Board included John 
Kemp, representatives of the press, and numerous 
others, travelled to the island on the Government 
steamer Lucinda and spent two full days inspecting 
Lake Karboora (Brown Lake), Blue Lake, and the 
southern end of Eighteen Mile Swamp. A lengthy and 
detailed descriptive account of the visit was published 
in the Brisbane Courier on 11 September 1905. 


THE AMERICAN EXPERT, 1906-1907 

Early in 1906, long before its newly-appointed engineer, 
John Kemp, had concluded his own investigations, the 
Board of Waterworks decided to seek further advice. 
It undertook to invite Allen Hazen, an ‘American 
expert’, to Brisbane to examine and report on the city’s 
water supply, including the Stradbroke Island scheme. 
Hardgrave dissented, saying that he could see no point 
in the idea, and expressing his long-held belief that 
‘there was no sense in the Stradbroke Island scheme’ 
(Brisbane Courier, 21 February 1906). 


Hazen, of the firm of Hazen and Whipple, consulting 
engineers, New York, was considered to be ‘one of 
the best authorities—if not the best authority—on 
water purification and water supply’. He became a 
world-renowned hydraulics engineer, developing and 
publishing several well accepted testing formulae; he 
was most famous for the Hazen method (1911), the 
standard approach for four decades for estimating the 
hydraulic conductivity of sediments. 


Agreement was reached in June between Hazen and 
the Board on the terms of the visit, but at this point 
George Phillips expressed his concern that the proposal 
to bring in Hazen was premature. He had confidence 
in Kemp’s ‘ability and professional fitness to find a 
satisfactory solution of the complex problems’. When 
Kemp’s report was available, if the Board still found 
it difficult or impossible to decide on a definite course 
of action, then would be the time to seek outside 
advice. Phillips believed, however, that when Kemp’s 


report was available, it would be seen that there was 
no need for Hazen’s services. As a compromise, the 
Board agreed to delay Hazen’s visit until after Kemp 
could report, fixing the visit for the end of December 
1906 (Brisbane Courier, 5 June 1906, 12 June 1906, 
19 June 1906, 3 July 1906). 


As a direct result of the disagreement over Hazen’s 
visit, Phillips resigned from the Board in June 1906 
(Brisbane Courier, 3 July 1906). Another significant 
change to the makeup of the Board occurred in 
November that year, when John Hardgrave died. He was 
80 years of age, and had been a member of the Board 
since 1875, and its chairman since 1892. He had come 
to Queensland in the late 1840s, when it was still part of 
New South Wales, so was one of Queensland’s oldest 
citizens. He had conducted a boot and shoe business 
in the 1850s, during which time he identified himself 
with the movement in favour of separation from New 
South Wales (Brisbane Courier, 9 November 1906; 
Queenslander, 17 November 1906). 


Hazen, whom the press described as ‘a stalwart 
young man who does not look his 40 years’, arrived 
in Brisbane on 31 December 1906. Energetic, and 
evidently not disposed to waste time, he had spent 
the journey digesting a mass of information about 
the Brisbane water supply, mailed to him by the 
Board prior to his departure (Brisbane Courier, 
1 January 1907). Among his many investigations 
was a week-long visit to Stradbroke Island from 
Monday 14 January, in company with members of 
the Board and several others, including John Kemp, 
the Board’s engineer. The group made the four-and- 
a-half hour journey from Brisbane to Dunwich on 
the Lucinda, then: visited Capembah Creek (which 
discharges into Moreton Bay near Myora), Lake 
Karboora, Tortoise Lagoon, Blue Lake and Eighteen 
Mile Swamp; travelled by boat to the southern end 
of the island to inspect the sites for the proposed 
pipe crossings from the island to the mainland, then 
landed and walked to a high ridge from which they 
could view Eighteen Mile Swamp and Swan Bay; 
and, among other things, travelled by boat into 
Swan Bay and to the mouth of Freshwater Creek 
(Brisbane Courier, 9 February 1907; Brisbane 
Board of Waterworks, 1907). 


After barely a month in Queensland, Hazen submitted 
an interim report on his findings. It was tabled at 
a meeting of the Board on 4 February 1907, five 
typewritten copies of the report being carefully sealed 
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in large envelopes and carried away by members of the 
Board. The chairman stated that the report would be 
made available to the press ‘as soon as possible’, but 
enough of its content was so quickly made available 
to the press as to enable the Brisbane Courier to 
report the next day that Hazen had ‘condemned’ the 
Stradbroke Island Scheme. Indeed, Hazen concluded 
that the Brisbane River supply was far cheaper than 
the Stradbroke Island supply, and firmly believed 
the river to be the better source to adopt (Brisbane 
Courier, 5, 8 and 9 February 1907; Brisbane Board of 
Waterworks, 1907). 


Upon his return to New York, Hazen completed and 
submitted his final report, dated 12 June 1907. Of 
the Stradbroke Island scheme, he said very little, 
thinking it unnecessary to discuss the matter further. 
He simply reiterated his opinion that the Brisbane 
River supply ‘is in every way more practicable, 
more economical, and advantageous for you to 
adopt’. The Stradbroke Island scheme was thus 
put to rest (Brisbane Board of Waterworks, 1908; 
Brisbane Courier, 19 July 1907). 


Official visit to Stradbroke Island 
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Official visit to Stradbroke Island 
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LETHEM’S LEGACY 

The formal development of the Stradbroke Island 
scheme from 1901 until its abandonment in 1907 was 
supported by several official investigatory visits to the 
island: in September—October 1901, January 1903, 
September 1905, and January 1907. The contexts 
and consequences of these visits have been explained 
above, and they are related diagrammatically to other 
events and themes in Figure 2. Although all left 
records which provide the modern researcher with 
useful observations about the state of the island at 
those times, Lethem’s detailed survey of the island, 
over a period of some nine months in 1902-03, 
provides the most outstanding record. As Lethem’s 
untimely death was caused ‘by exposure whilst in the 
execution of this survey’ (Phillips, 1905d, p. 34), it is 
fitting to conclude this account with some details of 
his contribution to our knowledge of the island. 


Lethem’s ‘feature map’ of Stradbroke Island, 
completed in February 1903, and printed by the 
Survey Office, Department of Public Lands, in March 
1904, is the most significant output of Lethem’s 


Resignation of Foster-Barham 
Official visit to Stradbroke Island 
Official visit to Stradbroke Island 


Arrival of Hazen 
Hazen’s final report 


1904 1905 1906 1907 


FIG.2. Diagram showing the temporal relationship of the four official visits to Stradbroke Island to other important events 


and themes. 
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FIG.3. Extract from Lethem’s Feature Map of Stradbroke Island (Brisbane Board of Waterworks, 1904a) showing Dunwich, 
Myora and Lake Karboora (Brown Lake). 


labours on the island (Brisbane Board of Waterworks, 
1904a; Figure 3). Features depicted on the map include 
cultural features associated with the towns of Dunwich, 
Myora and Amity, and others such as an Aboriginal 
bora ground near the southern end of the island; and 
natural features such as swamps and mangroves, 
lagoons and creeks, and ridges and hills. Some of the 
latter, including Mount Hardgrave and Mount Corrie, 
were named by Lethem. Mount Hardgrave, the highest 
of his 110 flag stations, was measured by him to be 720 
feet (about 219 metres) above mean sea level, and was 


named in honour of, and perhaps to flatter and appease, 
the chairman of the Board of Waterworks. Mount Corrie 
(644 feet; about 196 metres) was named after Leslie G. 
Corrie, Mayor of Brisbane and an ex-officio member of 
the Board of Waterworks (Phillips, 1905d, p. 31). 


In addition to surveying and mapping, Lethem 
collected meteorological and _ hydrological 
data on the island. Among these were monthly 
measurements of the water level at Lake 
Karboora, starting in May 1902 and continued 
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FIG.4. Graph of water levels in Lake Karboora (Brown Lake) and rainfall at nearby Dunwich, 1902-1907. Note the lag of 
several months between peaks in rainfall and corresponding peaks in water level. 


after his departure until the abandonment of the 
Stradbroke Island scheme in 1907 (Brisbane 
Board of Waterworks, 1901-07). A graph of these 
data (Figure 4) illustrates the natural variability 
of the level of this water body. Lethem also noted 
that ‘the maximum height at which this lagoon has 
stood’ was about 192 feet above mean sea level, 
or about 12.5 feet (3.8 m) above the lowest level 
recorded during the 1902-03 drought. 


Across most of the island, the detail of Lethem’s 
map is outstanding. Quite apart from the challenges 
imposed upon his surveying techniques by the wild 
and undulating nature of the island, difficult enough 
with the technology of today, his depiction of 
landscape features is exceptional. This is especially 
so considering the extremely dry conditions at the 
time of his survey. Streams from the high, sandy hills 
that would flow in very wet times, were meticulously 
tracked, presumably using the often only very slightly 
distinct understorey vegetation along their routes, 
combined with topographic clues. He detailed the 
swamps and lagoons (Swallow, Tortoise and Blue) 
along the stream from Mount Hardgrave to Eighteen 
Mile Swamp, and along another at the head of the 
Swamp that now falls steeply to a series of deep 
lagoons, the result of subsequent mining and mining- 


related groundwater extraction. He detailed the 
narrow band of ‘dense palms and vine scrub’ along 
the western margin of Eighteen Mile Swamp, and the 
wide physical border of swamps along the western 
face of the island. 


Water was, of course, the primary motive of Lethem’s 
work, and his most important legacy is the delineation 
of water bodies: lagoons and swamps, including the 
many eastern hind-dune lagoons along Main Beach, 
and perched and other lakes and lagoons in the main 
part of the island; and the numerous streams leading 
into Eighteen Mile Swamp or into Moreton Bay. As 
Lethem’s map portrays the island long before the 
beginning of mineral sand mining in the 1940s and 
municipal water extraction in the 1990s, it provides 
important information today for understanding the 
hydrology and ecology of the island, and for restoring 
natural function to disrupted components of its 
hydrological and ecological systems. 
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HYDROLOGY AND PHYSICAL SETTING OF NORTH STRADBROKE ISLAND 


LEACH, L.M. 


Recent groundwater investigations involving the drilling of additional monitoring bores have lead to a 
revised conceptual model of the groundwater hydrology and groundwater surface interaction. The 2002 
groundwater flow model has also been revised and calibrated to account for the groundwater surface 
water interaction. North Stradbroke Island (NSI) is composed mostly of fine aeolian sand of Cainozoic 
age which has undergone weathering resulting in the deposition of ferricrete layers and carbonaceous 
indurated layers. Peat layers are also present. NSI achieves a maximum height of 219 metres above mean 
sea level (msl) and the maximum depth to bedrock of 89 metres below msl. A feature of the hydrology 
of NSI is the costal wetland systems that virtually surround the island. There are two groundwater 
systems on the island; a regional interconnected system and localised disconnected perched systems. 
The regional groundwater system forms an elongated mound. The depth to this mound varies from 
180 metres near Mt Hardgrave to zero metres near the coastal wetlands. Since the commencement of 
groundwater observations in 1965, the maximum observed height of the groundwater mound was 44 
metres above msl in 1975, and minimum observed height of 34 metres above msl occurred in 2007. 
The corresponding estimated volume of the groundwater mound above msl was 1300 Gigalitres (GL) 
and 800 GL, respectively. Groundwater discharge occurs as flow into coastal wetlands, some creeks, 
Blue Lake, and as evapotranspiration where the depth to the groundwater table is less than 10 metres, 
and as submarine discharge. Recharge is from infiltration of rainfall below the root zone. While average 
annual rainfall decrease from 1644 mm/year at Point Lookout in the north, to 1484 mm near Swan Bay 
in the south, the annual rainfall can vary from 545 mm/year to 2780 mm/year. In order to model the 
hydrology of the island, the entire island was discretised into 100x100 metre cells. A soil moisture 
model at the day scale was developed to account for the variation in daily rainfall across the island, 
the different vegetation communities and associated root depths, and the difference to the regional 
groundwater table. While the exact location and extent of the perched groundwater system remains 
unknown, where the observation bore response to rainfall suggested there was a perched watertable, 
their presence was incorporated into the soil moisture model as a small retention storage. This allowed 
for the modelling of antecedent conditions, especially after extended dry periods. The results showed 
that recharge entering the regional groundwater systems in the more elevated areas could be delayed 
by up to 200 days and, annual recharge varied from 40 mm/year to 1600 mm/year. The weighted 
average recharge is approximately 400mm a’. Regional groundwater flow was modelled using the 
MODFLOW-2000 software, and a transient calibration was done using the PEST-ASM software for 
the period 1960 to 2007. Model results show that in the period 1998 to 2007 the average annual inflow 
to the model was 103 Gigalitres (GL) and the average annual outflow was 129 GL compared to an 
average total groundwater volume of 930 GL. Of the 129 GL discharge, approximately 16% was 
groundwater extraction, 55% was discharge to wetlands, 2% was discharge to Blue Lake, and 27% was 
submarine discharge at the coast line. 
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North Stradbroke Island (NSI) is also known by 
its aboriginal name of Minjerribah. NSI 1s located 
from four (4) to twenty-nine (29) kilometres from 
the shoreline and forms the eastern boundary to 
southern Moreton Bay (Laycock, 1975a). The 
general location of the study area is shown as figure 
1. There are three towns on NSI: Amity, Dunwich 
and Point Lookout, and these obtain their municipal 
water supply from groundwater. 


NSI is approximately 38.9 km long; has a maximum 
width east of Dunwich of 10.8 km and above mean sea 
level covers an area of approximately 27,390 hectares. 
The highest locations are at Mt Hardgave, Mt Vane, Mt 
Corrie and Mt Bippo Penben (see figure 2). The island 
has two principal land forms - the older and higher sand 
dunes, and the fringing low lands. The hydrology of the 
island is influenced by these landforms. 


A further feature of NSI is the number of permanent 
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FIG. 1. General Location showing location of North 


Stradbroke Island and Morton Bay. 


and ephemeral surface water features and over 
100 lakes/wetland have been recognised. These can 
be grouped into either perched lakes or water table 
lakes. The two largest permanent freshwater lakes are 
Brown Lake and Blue Lake. 


Hydrogelogicial investigation first commenced in 1902 
and in 1906 the first bores were drilled with the drilling of 
twenty-six bores (Kemp, 1906). Laycock (1972, 1975b) 
provide detailed accounts of the hydrogelogicial and 
geophysical investigations to 1974, involving the drilling 
of 42 bores by the Geological Survey of Queensland and 
the drilling records of sand mining companies. Based on 
the drilling and seismic records the maximum depth of 
sand was 90 m below mean sea level (b,msl). He also 
found by using a steady state mass balance approach 
for the entire island, that the average annual recharge 
was 579 mm/y compared to an average annual rainfall 
of 1685 mm/y. He also considered surface flow losses 
and groundwater discharge and found the average annual 
recharge could range from 426 mm/y to 792 mm/y. 
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FIG. 2. North Stradbroke Island showing location of features, 
coastal lowlands and geology, perennial creeks and the bores 
shown in figure 7. 


At about the same time, Redland Shire commenced 
groundwater investigation and established town water 
supplies for Amity, Dunwich, and Point Lookout 
sourced from groundwater. In 1993, Redland Shire 
commenced investigation into the establishment of 
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the Central Bore Field with 15 bores (see figure 2), as 
a source of groundwater for municipal supplies on the 
main land (John Wilson and Partners, 1993). 


Chen (2003) provides detailed accounts of further 
hydrogelogicial investigations and _ various 
groundwater flow models developed by Redland Shire 
and SIBECO during the period from 1982 to 2002. 
The main focus of his work was the development 
a groundwater flow model that was calibrated to 
average annual recharge rates of 400mm/y, 600 
mm/y and 800 mm/y. 


MATERIALS AND METHODS 

RECENT INVESTIGATIONS 

In 2007, an additional 64 bores were drilled at 40 
locations by the former Department of Natural 
Resources and Mines to augment the monitoring 
network. At some of these sites, up to three monitoring 
bore were installed to different depths to identify the 
perched water table and regional water table. 


At this time data held by held by the Department, 
Redland Shire and sand mining companies were 
reviewed and collated, surveys completed and further 
data collected. This included: 

e groundwater and surface water monitoring; 

e pumped volumes; 

e drilling logs for all available bores were 
reviewed to help delineate bedrock and possible 
perching layers; 

e All data point locations were converted to a 
common spatial datum using ArcMap™ to the 
projected coordinate system GDA_1994_ MGA, 
Zone_56; 

e For data points without surveyed elevations, 
natural surface elevations were obtained from 
the 2005 LiDAR; 

e Vegetation mapping and surveys undertaken by 
the Queensland Herbarium and the Southern 
Cross University were also examined to delineate 
identified wetlands and vegetation communities; 

e Ground traverses were carried out and with the 
aid of the low level spatially corrected aerial 
photography taken in 2002, to assess additional 
outcrops of Rhyolite in the Yarraman area; 

e Ground traverses were also carried out and to 
assess potential groundwater surface interaction 
associated with drainage and wetland features; 

e Stream gauging was undertaken along the Blue 
Lake overflow, and in the lower reaches of 
Aranarawai, Campembah and Yerrol creeks. 


GROUNDWATER FLOW MODELLING 

The Department also commenced a review of the 
2003 MODFLOW groundwater flow model. In order 
to better consider groundwater flow in the vicinity of 
the coastal escarpments, groundwater - surface water 
interaction and potential impacts of ground water 
extraction on dependent ecosystems, the former model 
cell size was reduced from 200 m x 200 m to 100 m 
x 100 m. Revised estimates of recharge for each cell 
for the period 1960 to 2007 were obtained using the 
SPASH_ Multi software (Leach, 2006), using daily 
rainfall and evaporation, depth to the regional water 
table; the location of vegetation communities and 
their adopted root depth; the location of soil types 
and soil parameters, and the location of wetland. A 
further groundwater flow model was developed by 
DERM using the MODFLOW-2003 software and 
incorporated the results of the drilling, groundwater 
and surface water monitoring, revised natural 
surface and bedrock, groundwater pumping, sand 
mining operations, stream flow data, and previous 
modelling work (Gallagher and Leach, 2010). The 
transient calibration was undertaken using the PEST- 
ASM Doherty (2003, 2005a) software for the period 
1960 to 2007. 


DISCUSSION 

GEOMORPHOLOGY AND GEOLOGY 

Detailed accounts of the geomorphology development 
and geology of North Stradbroke Island are given 
by Wolf (1964) Laycock (1975a, b), Muller 1982, 
James (1984), and Kelly and Baker (1984). Laycock 
(1975b) proposed five geomorphic units. These were: 
Flat Areas to including the freshwater swamps; Low 
to include moderate slopes of present beach and 
transgressively sand dunes; Moderate to include steep 
slopes of older vegetated sand hill; Steep to include 
the slope of the coast escarpment; and Rock outcrops. 


In addition to the 70 named wet land systems identified 
by P. Smith (pers. comm.), Stephens and Daniel, 
(2002) and Marshall et al., (2006), a further 130 
open water-wetland features, mainly in the vicinity 
of Eighteen Mile Swamp, were identified from recent 
aerial phototopography and ground inspection. Cox 
and Specht (in press) proposed a drainage system of 15 
basins and three drainage features (high elevation, low 
elevation and coastal). Surface water drainage on the 
island is complex and is thought to be influenced by 
the history of dune development, chemical weathering 
and physical erosion and also by soil properties, 
vegetation, shallow perching layers and the relatively 
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high infiltration rate. For some of the major drainage 
systems (Amity, Aranarawai, Blue Lake, Coroon 
Coroonpah and Herring), their drainage pattern show 
similarities to on-shore soft rock drainage patterns 
associated with fluvial processes. In order to better 
understand the hydrology of the island, the drainage 
systems and the wet lands, the “drainage catchment” 
of each wet land was determined from recent elevation 
data and builds on the work of Cox and Specht (in 
press). In addition to discrete “blowout dunes”, 
24 north-west south-east discrete ridge lines that 
traverse the entire elevated dune province were also 
identified, resulting in 23 principal corridors. Within 
these corridors, the crests of the remnant dunes form 
the sub-catchment boundaries to the elevated wetland 
features and/or prominent internal depressions with no 
obvious wetland feature (figure 3). A major catchment 
divide runs in a general southerly direction from Point 
Lookout towards Stingaree Island. In places it forms 
the crest line of the eastern escarpments and western 
escarpments. While 141 individual sub-catchments 
have been identified, these have been grouped into 
eight drainage provinces based on principal drainage 
direction. There are two northern provinces; (Flinders 
Beach and Point Lookout), one western province 
(West Coast), four internal provinces (Wesley, Brown, 
Central and South) and two eastern provinces (18 
Mile and 18 Mile Dunes). The hypsometric elevation 
curves for the drainage provinces and for the entire 
island are shown as figures 4a and 4b. Table 1 provide 
some morphometrics for the drainage provinces. It can 
be seen from figure 4a that the hypsometric elevation 
curves for the entire island have three obvious 
inflection points. The first point is at an elevation of 
about 5 m AHD which corresponds to the elevation of 
the toe of the eastern coastal escarpment of Laycock 
(1975a). The relative flatness between 3 and 5m AHD 
is a reflection of the size of Eighteen Mile Swamp 
and other coastal swamps. The second inflection 
point occurs at 32 m AHD. It is thought that this 
inflection point may be attributed to the combination 
of the elevation level of the floor level of the Wesley, 
Brown and Central provinces plus modification by 
marine erosion of the toe of the eastern escarpment. 
These features can also be observed in the curves for 
the individual drainage provinces. The third inflection 
point occurs at an elevation of 96 m AHD. The curve 
is remarkably linear between the second and third 
inflection point. Above the third inflection point the 
curve is concave up. A histogram of the elevation 
for the island shows a bimodal population. The most 
common peak in observations occurs at an elevation 
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FIG. 3. North Stradbroke Island showing the main drainage 
provinces and the catchment divide. It also shows the sub 
catchments and drainage lines. 


of 4 to 5 m, and the second peak occurs at 62 to 63 m 
AHD. The first peak represents the average elevation 
of coastal platform, while the second is representative 
of the average elevation of the high dune area. When 
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combined, the average elevation of the entire island is 
55 m AHD while the median elevation is 52 m AHD, 
which is a little misleading. This bimodal population 
of the elevation for the entire island suggests it 
may be more appropriate to divide the island into 
representative morphological units (i.e. drainage sub- 
catchment) rather than treating the island as a whole. 
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GEOLOGY 

The island has been described as consisting mostly , =a =< 
of on lapping transgressive parabolic dunes overlying 0 20 40 60 80 
rocks of Palaeozoic and Mesozoic age (e.g. Laycock, 
1975b; Cranfield et al., 1976; Kelly and Baker, 
1984). These “hard rocks” of the island include 
Carboniferous Rocksburg Greenstone and Triassic 
Woogaroo Sandstone and Rhyolite. South of Point 
Lookout in the vicinity of Fishermans Road, there are 
additional areas of rhyolite that are buried by a thin 
veneer (less than 2 m) of sand and these areas have 
been included as additional outcrops of rhyolite on 
Figure 2, and comprise an alignment of the rhyolite 
outcrops extending from Yarraman to Point Lookout 
and through to Flat Rock. Table 2 shows the area of wo See ake rea” “ae 
each geological unit and the elevation range. Spatially, 

some 99% of NSI is underlain by sand. 
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FIG. 4a. Hypsometric Curves for whole of Island and for 


Up to four generations of dune building has been _ the main drainage provinces as a percentage of the drainage 


suggested for the Island (Ward, 1978; Kelley and 
Baker, 1984; Stock, 1990; Stephens, 1992; Willmott 
and Stevens, 1992). For the purpose of this study, 
the “Sands” of the island include Quaternary fine 


TABLE 1. Area of Drainage Provinces and Elevation Range 
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FIG. 4b. Hypsometric Curves for whole of Island and for 
the main drainage provinces as a percentage of the whole 
Island area. 
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The locations of the drainage provinces are shown on figure 3 
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TABLE 2. Area of Geological Units and Elevation Range 
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grained aeolian sand, reworked older sand, marine 
and freshwater deposits and recent Holocene coastal 
deposits. The development of the flanking lowland is 
also important to an understanding of the hydrology 
of the island. 


EVOLUTION OF THE FLANKING LOWLANDS 
Eighteen Mile Swamp 

There has been ongoing debate over the age and 
formation of Eighteen Mile Swamp, (e.g. Ward, 1978; 
Flood, 1984; Flood and Grant, 1984; Flood et al., 
1986; Muller, 1987; Specht,1992; Boyd 1993; Cox 
and Specht, (in press) and Mettam et al., (in press). 
From these studies the Swamp formed about 6000 
y BP. Recently, additional cores have been obtained 
from swamps on North Stradbroke Island and in 
particular from Eighteen Mile Swamp. Work on dating 
of these cores from Eighteen Mile Swamp would 
suggest preliminary dates range from 700 to 600 y BP. 
Work is continuing on the analysis of cores taken from 
Eighteen Mile Swamp to ascertain its depth, history, 
fauna and flora assemblages (G. McGregor, pers 
comm., 2011). While it may appear that the dates are 
in conflict, it is noteworthy to mention that because of 
its size there will be spatial and temporal variability 
within Eighteen Mile Swamp (Specht,1992 and 
Stephens and Dowling (2002). For example Stephens 
and Daniel (2002) identified thirteen vegetation 
communities within the swamp that better reflects 
the spatial diversity of the swamp. These have been 
grouped into low woodlands, low open forests, sedge 
lands, closed-sedgelands, closed heathlands, and water 
bodies. Reference to a single location within Eighteen 
Mile Swamp may not be representative of the whole 
swamp, and may be misleading. 


Muller (1987) identified two distinct layers of “peat” 
in some bores drilled into the coastal foredunes. Cox 
and Specht (in press) commented on the existence a 


deeper early Holocene peat as described by various 
workers. In this context, here the term peat is a generic 
reference to any organic matter ranging from organic 
ooze and muds to material with identifiable plant 
material. Recent drilling by DERM also confirmed the 
existence of these layers. The first layer is from about 
0 to -4 mAHD and the second is from - 13 mAHD to 
-16 mAHD. The first layer is interpreted as equivalent 
to the freshwater peats observed in Eighteen Mile 
Swamp, which would imply that the coastal foredunes 
may have been originally further seaward than their 
present location, suggesting an overall transgressing 
sequence. It is also evident from field evidence that 
there are low sections of this foredune east of Palm 
Lagoon, which would allow some penetration of 
seawater during tidal surges. 


It is also noteworthy that in some of these bores 
marine like sediments (mud and grey sand) have 
been identified immediately below the upper peat 
and these sediments in turn overlie a yellow aeolian 
sand at elevations from - 7 to -13 m AHD. The deeper 
peats are interpreted to be older and are considered 
to be unrelated to the present foredunes and back- 
barrier lagoon. It is reasonable to assume that soon 
after the formation of a continuous offshore bar; a 
back—barrier estuarine lagoon would have developed. 
Of consideration to understanding the coastal 
groundwater hydrology is the depth of this ancestral 
estuarine lagoon; drilling and coring suggest the floor 
of the lagoon could have between seven to thirteen 
metres below the present sea level. Since the toe of the 
coastal escarpment was formed by marine erosion, it 
is apparent that the antecedent sea level at some stage 
would have to have been at a level close to the bed of 
the estuary. A subsequent rise in sea level would then 
provide the necessary depth in the ancestral lagoon. 
Hence it is feasible that the lagoon as postulated by 
Flood and Grant, (1984) and Flood et al., (1986), first 
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formed about 6000 y BP., and had a depth of about 
seven to thirteen m,bsl. 


The change from marine to freshwater peat would 
depend on the fluctuations in the volume of the tidal 
prism in the estuary in comparison to the volume of 
rainfall and freshwater groundwater discharge from 
the toe of the escarpment. Further, it is likely that 
at some stage the ancestral estuary may have been 
closed by dunes. It is also feasible that the estuarine 
environs at the headwater of Eighteen Mile Swamp 
(near Yarraman Creek), would have been the first 
areas to be transformed from estuarine conditions and 
to be dominated by freshwater and associated flora. 
Many of the open shallow water bodies near the centre 
of the swamps are surrounded by peat or by floating 
rafts of sedges. With time these open water bodies 
will, in turn, ultimately become peat. Hence, while it 
is to be expected the peat will be generally younger 
towards the estuarine mouth, there could be isolated 
pockets of peat with a relatively younger age than the 
Surrounding peat. Based on this assertion, numerous 
cores may be required to ascertain the overall three 
dimensional antiquity of Eighteen Mile Swamp. 


Flinders Beach Swamp and West Coast Swamps 
Little is know about the depth of Flinders Beach 
Swamp as no bores have been drilled through the 
foredunes. While there are more relic and extensive 
low level foredunes bordering parts of Flinders 
Swamp, the same evolutionary process which lead 
to the development of Eighteen Mile Swamp are 
considered to equally apply to the development of the 
Flinders Beach Swamp. The location of the ancestral 
tidal inlet (if any) to the back barrier lagoon, remains 
uncertain, and it is more likely to have been mostly 
freshwater environs following closure. 


In contrast, the west coast, being in a lower energy 
environment, did not have the development of a sand 
bar and back barrier lagoon. Here, the coastal swamps 
have a slightly lower elevation than Eighteen Mile 
Swamp and are presently fringed by muddy marine 
sediments (Kelly and Baker, 1984). 


HYDROLOGY OF THE FLANKING LOWLANDS 
Chen (2003) considered the hydrology of Eighteen 
Mile Swamp to be influenced by direct rainfall, 
runoff and groundwater discharge. Owing to their low 
permeability, the marine muds and peats act as a local 
semi-confining layer to the regional aquifer. There 
are several notable hydrological aspects relating to 


Eighteen Mile Swamp. The headwater of Eighteen 
Mile Swamp is at the confluence of Yarraman Creek 
and the Keyholes. The first is the relative low overall 
longitudinal hydraulic gradient of 4.45m over a 
distance of 25.4 kilometres (km) or 0.000175 m m'! 
compared to its lateral west to east gradient of 0.0005 
mm! to 0.001 mm". Muller (1987) and Specht (2002) 
found similar gradients. 


Also of note is the existence of Freshwater Creek that 
drains much of the swamp in wet conditions. It has 
an overall length of 30 km from the Keyholes to its 
mouth at Swan bay and has a longitudinal gradient of 
0.000135 m m'. In some locations south of Herring 
Lagoon, the stream channel is well defined and is 
congested with plant material making stream gauging 
difficult; in other locations it is either featureless, or 
forms a chain of water holes with no visible flow. 


In addition there are isolated waterholes not associated 
with Freshwater Creek. The first group are shallow, up 
to 1 m deep (in 2007), are near elliptical and located on 
the eastern side of Eighteen Mile Swamp, immediately 
in the lee of the foredunes. They typically have a peat 
bottom and the water level represents the water level in 
the adjacent swamp. The second group of waterholes 
are elongate, generally about 10 m wide and may be up 
to 70 m in length, and are at least 4 m deep and mostly 
located adjacent to the toe of the escarpment. During the 
period 2006 to 2008, these waterholes had the least water 
level fluctuation compared to other open waterholes on 
the eastern side of Eighteen Mile Swamp, and for some, 
small discharges were observed. They are often shaded 
by Melaleuca on the western side and flanked by floating 
rafts of sedges. These waterholes may be remnant parts 
of the original estuarine lagoon, and in part be due to 
groundwater discharge continually removing any organic 
sediment, or they are simply yet to be overgrown. 


Owing to the difficulty in gauging the flow, it is not 
possible to quantify the magnitude of this discharge 
from the entire length of the scarp. The absence of 
any surface flow in Freshwater Creek in 2006 to 2008 
at some locations would suggest that most of the 
groundwater discharge emanating from the escarpment 
was transpired via the vegetation at that time. 


During wetter periods surface flow has been observed in 
Eighteen Mile Swamp following rainfall. While there may 
have been a slight increase in the groundwater discharge 
due to higher groundwater level gradients, the bulk of the 
surface flow is attributed to rainfall and runoff. 
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Compared to Eighteen Mile Swamp, Flinders Beach 
swamp has very few open water bodies, and these are 
associated with the two creeks that flow to the beach. 
During the dry period from 2006 to 2008, surface 
flow was negligible, except for periods following a 
rainfall event. The absence of the deep waterholes 
adjacent to the coastal escarpment of Flinders Beach 
Swamp would suggest the peat is more extensive that 
elsewhere in the swamp. 


Along the West Coast, in addition to the named 
creeks, there are a number of unnamed small creeks 
that drain the fringing coastal swamps. Again, due 
to the lower permeability of the peat and the coastal 
marine sediments, they would act as a more laterally 
extensive local semi-confining layer, and is considered 
to contribute to some offshore groundwater discharge. 
South of Dunwich on the west coast, along the high 
tide interface with the coastal swamps, “artesian 
freshwater” springs have been observed, emanating 
from animal borrows. 


Overall, the peat layers in the coast swamp are 
considered to control the regional groundwater flow 
from the elevated sand dunes; a smaller percentage 
of the regional flow emerges as surface flow where 
the peat is locally absent or migrates through the 
peat, while the remainder of the groundwater flow 
continues under the semi-confining layer to emerge as 
near coastal discharge. Additional work is required to 
quantify the proportions and flow paths involved. 


PERCHING LAYERS 

A further aspect influencing the hydrology of the 
island is the development of “perching layers”. Field 
tests were undertaken by Guard (2000) and Brooke 
et al., (2008) to determine the hydrological properties 
of indurated sands. Soil investigations of natural 
exposures, excavations by sand mining operations 
and by drilling have shown the sand to be weathered 
and altered to varying degrees at depths up to 80 
m,bgl. Depending on the age of the dune system, the 
chemical leaching has resulted in deep podzolic soils 
and the development of in situ layers of bleached sand 
overlying iron-bearing minerals. (e.g., Laycock,1972; 
Thompson and Ward, 1984). Near the rhyolite 
outcrops and in the eroded escarpment, concretions 
up to 1.4 m in diameter, and irregular sub-horizontal 
thin sheets or veins of iron-bearing minerals up to 
2 cm thick have been observed. Exposures in the 
coastal escarpment and drilling have also shown 
there are areas with peat and sandrock/humicrete 
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FIG. 5. Manually drawn bedrock contours showing the 
location of reference bores and the influence of the bore 
density on the resolution of the contours. The bedrock 
outcrops are also shown and the natural surface is included 
in the bedrock surface. 


layers. The peat varies in composition from fine 
mud through to rich organic and plant material. The 
origin of the indurated-sandrock-humicrete-hardpan 
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layers is debated (e.g. Laycock, 1975a, Lee-Manwar 
et al., 1980; Thompson et al., 1996,Cox et al., 2002, 
Chen, 2003, Brooke et al., 2008, M. Robertson, pers. 
comm., 2008 ), however, there is a strong association 
with lacustrine and or palustrine processes. The grain- 
size distribution analyses by Laycock (1972, 1975b, 
1978) and by Brooke et al., (2008), have revealed a 
similar grain size distribution for these layers to un- 
cemented sand, suggesting in-situ cementation. The 
2007 drilling by DERM has confirmed that the bulk 
of the sand profile is likely to be aeolian and confirms 
the results of Laycock (1975b) and Muller (1982). 
Locally, a basal sediment up to 5 m thick, comprising 
reworked Woogaroo sandstone and or rhyolite / 
tuff was intersected. Although the island is in close 
proximity to the mouths of several major rivers, no 
associated fluvial sediments have been observed. 


BEDROCK SURFACE 

The Woogaroo Sandstone and rhyolite are mapped 
as the bedrock to the sand aquifers. The first bed 
rock contours were provide by Laycock (1975b), and 
later revised by Chen (2003). Both sets of bedrock 
contours were derived from drilling undertaken by 
the Geological Survey of Queensland, supplemented 
by some geophysical surveys, drilling records from 
some private bores, and information from sand 
mining operations. Owing to the limited number of 
bores, the bedrock profile appeared smooth, and in 
places was flat lying. From the 2007 drilling, the 
bedrock contours were revised to include all bores 
by sand mining companies, and natural surface 
information from the hard rock outcrops. The 
revised 2007 bedrock contours are shown as figure 
5. While there is general agreement with the bedrock 
to depths of -60 m AHD identified by Laycock 
(1975b), the maximum depth to bedrock of -90 m 
near bore 14400027, could not be confirmed based 
on drilling. The revised maximum onshore depth to 
bedrock of -75 m is at bore 14400015 and is based 
on the overall erosional surface; it is considered 
unlikely that the onshore depth could be any greater 
than this. When compared to the bedrock surface 
produced by Chen (2003) there are extensive zones 
where the revised bedrock is higher (to the south 
of Point Lookout), and lower (near the Enterprise 
Mine). An upgraded bedrock surface is shown in 
Cox et al., (these proceedings). It should be noted 
that in the vicinity of Ibis, Enterprise and Yarraman 
mines, the bore density is higher than elsewhere, 
which is related to the resolution of the bedrock 
contours. The presence of the bedrock highs to the 


south of Point Lookout is consistent with Kelly and 
Baker’s (1984) suggestion that the headlands acted 
as natural groynes that anchored the development of 
the dunes. Where the bedrock resolution is high, the 
contour pattern is similar to the topography for the 
hard rock islands immediately to the west of North 
Stradbroke Island. Since the recent bedrock contours 
do not reflect any overall fluvial channelization, it is 
thought the irregular nature of the bedrock contours 
is more indicative of marine erosion. There is a 
small bedrock high immediately to the southeast 
of the location where corals, mollusc shells and 
peat were described by Pickett et al., (1984). It is 
feasible that this bedrock high may have been an 
island 105,000 yr BP. 


In some circumstances the elevation of the bedrock 
influences the groundwater hydrology of the Island. 
In areas of high bedrock relief groundwater flow in 
the overlying sand is controlled by the elevation of 
the bedrock. Adjacent to the coast line, bedrock highs 
control the location of groundwater discharge and 
springs occur (such as near Dunwich, Point Lookout 
and opposite Point Canaipa). In some areas where the 
bedrock profile is above mean sea level, the elevated 
bedrock also prohibits saltwater movement (Figure 6). 
In areas where the bedrock is relative deep, and where 
the channels are aligned at right angles to the regional 
groundwater flow, these channels may prohibit flow 
in the basal layers of the sand, with the regional 
groundwater “skimming” over the channels. 
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FIG. 6. Profiles showing Island Cross Sections with the 
thickness of sand(yellow), the position of bedrock(brown) 
and the sea water depth(blue). The 2007 regional groundwater 
level is also shown as a full line while mean sea level is shown 
as the dashed line. Profiles B to D show the elevated bedrock 
which will prohibit seawater intrusion in those locations. 
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REGIONAL GROUNDWATER 

Various authors have described the regional 
groundwater forming an elongated mound parallel 
to the length of the island (e.g., Kemp, 1906; Hazen, 
1907; Laycock, 1975a; Muller, 1982; and EHA, 
2005). The basal regional sand aquifer is considered 
to be continuous, while the perched aquifers are 
considered to be disconnected from it. Although some 
localised groundwater is found in these hard rocks, it 
is not considered to be a significant resource and is not 
consider here. 


The regional aquifer is mostly unconfined; however 
coastal peat and muddy sediments act locally as a 
semi-confining layer. For example Bores 14400002, 
14400015, 14400083, 14400103 and 14400125 
(figure 2) have seasonal potentiometric surfaces that 
are slightly above ground level. Bore 14400103 has a 
maximum head on 1.35 m, above ground level. 


Monitoring has shown the greatest fluctuation in 
the regional water table occurs towards the centre 
of the island. Hydrographs of bores 14400003, 
14400007, 14400012, 14400014, 14400036, 
14400051, and 1440073 are shown as Figure 7. 
Monitoring has shown groundwater is of good 
quality over much of the Island with electrical 
conductivities from 150 to 220 uS cm'. The 
groundwater (perched and regional) is slightly 
acid with a pH around 5.0 to 6.5. 


Although some bores have been drilled on the 
coastline, no saltwater wedge has been identified. In 
fact the high coastal regional groundwater elevation 
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FIG. 7. Bore Hydrographs for select bores (14400003, 
14400007, 14400012, 14400014, 14400036, 14400051 
and 14400073) showing the overall trend in groundwater 
elevations and the range of the groundwater level fluctuation 
with distance from the coastal plain. 


of up 2m AHD and in some places the shallow depth 
to bedrock, precludes the formation of a saltwater 
wedge by the Ghyben-Herzberg principle. However 
it is possible that towards Swan Bay and near Amity 
owing to the expected low groundwater elevation, a 
natural saltwater wedge may exist at the coastline in 
those localities. 


REGIONAL WATER TABLE 

An examination of groundwater hydrographs for 
bores with long term records shows that for the period 
1967 to 2011, groundwater levels were at their highest 
elevation in 1974 and were generally at their lowest in 
the period 2005 to 2008 (see figure 7). 


For 1974, about 30 monitoring bores were 
available for groundwater monitoring. By the 
end of 2007 the number of monitoring bores and 
surface water facilities (Departmental, Redland 
Shire and SIBELCO Aust Ltd), had increased to 
124. Owing to the greater number of monitoring 
bores the regional groundwater elevation contours 
for December 2007(Figure 8), are more accurate 
than these from 1974. These contours are manually 
drawn using data from the 124 monitoring facilities, 
and include the topographic information of surface 
water features associated with the regional water 
table (such as Blue Lake, Eighteen Mile Swamp, 
Key Holes, Lower Yerrol). Bedrock outcrops 
were also included to assist in the location of the 
regional water tables. From the contour map, the 
maximum groundwater elevation for 2007 was 34 
m AHD in the vicinity of Yarraman Dam. Beneath 
Brown Lake the groundwater elevation was 30 m 
AHD, compared to a lake elevation of 54.85 m 
AHD. In the vicinity of Blue Lake the groundwater 
contours merge with the lake level of 12.9 m AHD, 
which corresponds to the vegetated spillway level. 
Of importance to the hydrology and groundwater 
mass balance for the island is the groundwater 
flow direction. It can be seen on figure 8 there 
is a general groundwater divide that runs from 
Point Lookout to Brown Lake and to Dunwich. A 
further groundwater divide runs from Brown Lake 
in southerly direction towards Stingaree Island. 
In contrast to the natural surface drainage sub- 
catchments (figure 3), based on these groundwater 
divides, three regional groundwater flow sub- 
catchments have been identified. It would appear 
there is little association between the surface sub- 
catchments and the regional groundwater sub- 
catchments. 
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DEPTH TO REGIONAL WATER TABLE 

Many of the surface water drainage features have 
wetlands associated with them. In order to better 
understand the spatial relationships between these 
drainage features, lakes and wetlands, and the 
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FIG. 8. Manually drawn regional groundwater contours for 
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regional water table, the depth to the regional water 
table was determined by subtracting the groundwater 
table surface from the natural surface (figure 9). The 
greatest depth to the regional water table of 187 m 
occurs beneath Mt Hardgrave. For comparison 
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FIG. 9. Isopachs of Depth to the 2007 Regional 
Groundwater Table and drainage lines. 
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FIG. 10. Comparison of the Hypsometric Curves for natural 
surface, depth to the 2007 Regional Groundwater table and 
associated saturated thickness. 


with the natural surface trends (see figure 4a,b), the 
hypsometric curve for the natural surface and the depth 
to the regional watertable are shown as figure 1 0(a, b). 
This demonstrates that thirteen percent of the island 
has a depth to the regional water table of less than 1m, 
and 30% of the island has a depth to the regional water 
table of less than 6m. This distribution confirms the 
influence that the coast plain and the lower reaches of 
the perennial streams have on the hydrology and on 
the distribution of potential groundwater dependent 
ecosystems. This approach shows the average depth 
to the regional water table of 41.5 m is greater than 
the median depth 36.5 m, and a histogram of the 
distribution shows a bimodal population with peaks 
at 1 m and 33m. 


PERCHED WETLAND SYSTEMS 

A common assertion is that a perched lake operates and 
functions independently of the regional water table and 
is mostly maintained by rainfall (James, 1984). In some 


locations the wet season groundwater elevation may be 
10 m higher than in 2007 (see figure 7) and this aspect 
must be considered in differentiating whether a system 
is perched or is not perched. In order to be conservative, 
a difference of thirteen m has been adopted as the 
minimum elevation difference to separate perched 
systems from regional water table. Table 3 shows the 
perched lakes and wetland system where the depth to the 
2007 regional water table is more than thirteen metres, 
and are not influenced by the regional water table. For 
this review, where the depth to the regional water is less 
than thirteen meters, wetlands were classed as being 
connected to the regional aquifer. For some of these 
systems, while they may have an associated “perching 
layer’, the regional water table following prolonged 
recharge events may rise and inundate the system for 
a period of time. 


THICKNESS OF SATURATED SAND 

The thickness of the saturated sand mass (figure 11), 
was determined by subtracting the bedrock surface 
from the 2007 regional groundwater table surface. As 
noted, there are zones of higher resolution which are 
an artefact of the better detail in the bedrock contours. 
The greatest depth of saturated sand of 79 m occurs 
beneath the upper reaches of Coroon Coroonpah creek 
in the north of the island. For comparison figure 10 
also shows the hypsometric curve for the depth of 
saturated sand. In contrast to the natural surface and 
to the depth to the water table, this curve is concave 
down for thicknesses of less than 32 m, and is then 
reasonably linear to its maximum thickness. This shape 
means that five percent of the island has a thickness of 
saturated sand less than 11 m and 18% of the island 
has a depth of saturated sand of less than 32 m. These 
results reinforce the concept that overall the depth to 


Table 3: Perched Wetland Systems, Bed Elevation and Depth to Regional Water Table 2007 
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FIG. 11. Isopachs of the Saturated Thickness based on the 
2007 Regional groundwater contours 


bedrock and the thickness of saturated sand gradually 
increases in an easterly direction. The influence of the 
zones of shallow bedrock with respect to the regional 
water table is represented by the steepening of the 
regional groundwater elevation contours west of the 
groundwater divide. Assessments of the data show the 


average thickness of saturated sand is 44.5 m similar 
to the median thickness of 45.0 m. 


SURFACE WATER DISCHARGE 

There are only a few streams which are perennial at 
their mouths (e.g. Aranarawai, Blue Lake Overflow, 
Canalpin, Campembah, Coroon Coroonpah, Little 
Canalpin, Freshwater, Yarraman and _ Yerrol). 
Generally no open channel flow is obvious; it 
occurs as dispersed flow through vegetation (Gahnia 
Sp), making gauging of the stream velocity with a 
propeller virtually impossible. Table 4 list the steam 
gaugings that have been undertaken. For some of 
these streams, where their thalweg intersects the 
regional water table below an elevation of about 15 
mAHD, perennial stream flow occurs. Elsewhere, 
where the thalweg is slightly above the regional 
water table, to heights of 25 mAHD, the flow may 
disappear subsurface and often reappears further 
downstream. The length of the flowing section has 
also been observed to be seasonally dependent. In 
the more elevated areas where the thalweg is above 
50 m AHD, stream flow may be also observed 
which are associated with perched wetlands and 
are again seasonally dependent (e.g. the upper 
sections of Coroon Coroonpah {locality index 92, 
93 &95} and Aranarawai Creeks {locality index 105 
&106}). Although many of the drainage lines seen 
on topographical maps may have an overall concave 
up longitudinal bed profile, when traversed by 
foot, they are often dry with no associated wetland 
flora (Gahnia sp) assemblages; and may have 
local reversals in gradient with the development of 
enclosed topographical depressions. These drainage 
lines are best described as discontinuous dry gully 
drainage systems. Good examples of these local 
depressions are found in the upper catchments of 
Blue Lake and Tortoise lagoon. (See figures 12a, 12b 
and 12c) 


Stream discharge on the island is not constant. As 
this stream discharge is derived mostly from the 
groundwater storage, it will vary in proportion to the 
volume of the groundwater storage. The discharge 
has also been observed to have short term fluctuations 
following rainfall events. This aspect is illustrated by 
the time series discharge for the gauge (144003A) on 
Blue Lake Overflow Creek adjacent to Eighteen Mile 
Swamp and is shown as figure 13. It is seen the daily 
flow has generally receded from about 20 megalitres 
per day (ML d'') in 1990, to about 7.5 ML d™ in 2008, 
and has increased slightly, to about 15.5 ML d' by 
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TABLE 4. Summary of Gauging on North Stradbroke Broke Island 


Location Anon 1902# 


(m?/sec) 


Blue Lake Overflow 0.207 


18 Mile Site 1 0.231 


18 Mile Site 2 1.019 


Campembah 
Coroon Coroonpah 
Aranarawai 
Wallen 

Yerrol 

Yarraman 


Key Holes 


# Modified from Laycock(1975) 
* Average of gaugings undertaken 


2011. This decline in stream flow is attributed to the 
overall decline in groundwater storage volume for NSI 
during that period. There are also some periods where 
in the absence of rainfall, there is a slight increase in 
the daily discharge with time. This rise is attributed to 
obstructions (e.g. root masses) that grow in the outlet 
pipe at the gauge, and are removed when the gauging 
station is serviced (J. Ridler, pers. comm., 2008). It is 
also apparent that the daily flow responds to rainfall and 
catchment area. Blue Lake, Blue Lake Inflow Swamp 
and Blue Lake Outflow Swamp have a combined area 
of 13.9 ha. A daily rainfall event of 100 mm (after 
evaporative loss) over this surface area would amount 
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FIG. 12a. Drainage Profiles for Western Drainage systems. 
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FIG. 12b. Drainage Profiles for tributaries of the Blue Lake 
system. 
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FIG. 12c. Drainage Profiles for tributaries of the Herring 
Lagoon system. 
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FIG. 13. Hydrograph of Discharge in Blue Lake Over Flow 
CK at Gauge 144003a and daily rainfall. Note the overall 
decline in discharge since 1990, which is associated with 
a similar decline in groundwater recharge (figure 17) and 
groundwater storage (see figure 22). 


to 13.9 ML. An analysis of the hydrograph and daily 
rainfall would suggest that while there are some 
exceptions, on average most of the increase in the flow 
at the gauge can be attributed directly to rainfall over 
the Blue Lake and its swampy surrounds. 


Blue lake is generally referred to as a window water 
table lake (Hazen, 1907; Wolff, 1964; Laycock, 1975 a; 
Thompson et al., 1996; Chen, 2003, and Brooke et al., 
2008). A “window water table lake” is one where there is 
no outflow, except for evaporative loss, and the lake water 
level fluctuates and is maintained by the regional water 
table. Owing to its outflow, Blue Lake does not meet this 
definition. The lake is better described as a barrier lake as 
suggested by Lee-Manwar et al., (1980) that maintains a 
near constant regional groundwater table near its outlet. 
Prior to the installation ofa piped causeway during the early 
1950’s, the outflow to the lake would have been controlled 
by peaty material and vegetation. An examination of the 
hydrograph for Blue Lake (14400053) shows that for the 
period 1970 to 2003, the short term fluctuations in the lake 
level were generally less than 0.05 m, and overall there 
was a Slight increase in the lake water level from 12.55 
mAHD to 12.90 mAHD. This increase is attributed to the 
gradual sedimentation in the pipes. About 2003, the piped 
causeway was removed and the outflow has returned to the 
natural control. Lee-Manwar, et al., (1980) and Marshal 
et al., (2006); identified that the deepest parts of the lake 
are located near the apex of the two arms and arrived at a 
storage volume of approximately 500 ML. 


Based on the regional groundwater elevation contours, 
the bulk of the inflow is likely to be submerged, and is 
considered to occur in the vicinity of the deeper parts 
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of the lake. Some surface inflow estimated at 0.01 m* 
sec’ has been observed emanating through the Blue 
Lake Inflow Swamp. Near the headwaters of Blue Lake 
Inflow Swamp there is a near circular feature that is 
considered to be a relic spring. This and the position of 
the deepest parts of the lake add weight to the suggestion 
by Gardner(1955), that these features may be part of an 
ancestral creek that was subsequently dammed. Near 
the lake outflow, nested monitoring bores have been 
established and these show there is a lateral groundwater 
gradient away for both the Blue Lake Outflow Swamp 
and from Blue Lake Outflow Creek, coupled with a 
vertical downward groundwater gradient (figure 14). 


Gauging undertaken during a dry period revealed that 
the flow at Blue lake outlet was 0.096 m?sec'. Upstream 
of the Lower Blue Lake swamp, the flow had reduced 
to 0.069 m sec" indicating a loosing stream. About 100 
m downstream of Lower Blue Lake swamp the flow 
increased to 0.082 m?/sec indicating the increase was 
from was from groundwater (baseflow). At the gauging 
station the flow had slightly increased to 0.084 m? sec” 
'. To account for the dynamic nature of the daily flow 
at the gauging station following rainfall, additional 
gaugings done immediately after rainfall events confirm 
the supposition that rainfall over the surface of the lake 
and associated swamps, is sufficient to account for the 
increase in flow at the gauge. 


In such a high energy environment (the steep gradient of 
Blue Lake Overflow Creek), the stability of the creeks 
seem anomalous. From the outlet of Blue Lake to the 
Eighteen Mile Swamp, the elevation falls by 8.8 m over 
a distance of 1400 m. Two factors are likely to influence 
the stability of Blue Lake Overflow creek. Between the 
Blue Lake outlet and Lower Blue Lake swamp, the 
downward hydraulic gradient from the stream bed to 
the regional water table suggests a losing nature of the 
stream flow would also add to stream bed stability. 
For the remainder of the creek bed, it is thought that 
since the stream is slightly gaining, the upward gradient 
would result in some winnowing of fine material 
from the stream bed and overall not be conducive or 
contribute to stream bed stability. Field observations 
along this creek, clearly reveal the flow in this creek 
is either through (Gahnia Spp.), or over localised beds 
of Utricular Sp.; or through a series of pools and weirs 
created by vegetation; rather than over bare sand. The 
stability is thus attributed mostly to vegetation weirs 
that dissipate energy, and to the binding affects of 
Utricular Sp., and of tree roots (species), and to a lesser 
extent, to the downward hydraulic gradient. 
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FIG. 14. Groundwater elevation contours near Blue Lake 
showing the groundwater-surface water interactions. The 
open water body of Blue Lake and the Pacific Ocean are 
shows as dark blue, the wetlands are shown as light blue, and 
Eighteen Mile swamp is show as light green. For Blue lake, 
the upper arms are gaining groundwater, while the in the 
vicinity of the overflow, the lake is losing to groundwater. 


37 


RAINFALL AND EVAPORATION 

The hydrology of NSI is fundamentally dependant on 
rainfall. Although long term rainfall data (from 1893) 
are only available at Dunwich, recent rainfall data for 
the island are available for a further six locations across 
the island. Figure 15 shows several formats of rainfall; 
the 10 year moving average annual rainfall, progressive 
average annual rainfall and average annual rainfall for 
Dunwich and Point Lookout. For comparison long term 
average annual rainfall for Brisbane Post Office is also 
shown. While the average annual rainfall for Brisbane is 
less, the trends seen in the 10 year moving average annual 
rainfall and the progressive average are similar between 
Brisbane and NSI. As seen that for the period 1840 to 
2011 the annual rainfall is highly variable and there is 
no observable overall trend. At the decadal scale it is 
evident there are wet and dry periods of irregular lengths. 
In order to further explore this aspect, Figure 16 shows 
the cumulative departure from the mean month rainfall. 
Four dry periods and the wet period have been identified. 
These periods may also be associated with the Southern 
Oscillation Index and El Nino and La Nina years (Chen, 
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FIG. 15. Ten Year Moving Average Rainfall for Dunwich, 
Point Lookout and Brisbane. Even at the 10 year average 
scale rainfall remains variable. 
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FIG. 16 Cumulative Departure from the mean Month 
Rainfall showing consistent periods of above and below the 
mean monthly rainfall. 
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2003). When both Hazen (1907) and Laycock (1975b) 
reported on the hydrology of NSLI, it was shortly after two 
of the most prolonged wettest periods. 


The Bureau of Meteorology (BoM) SILO software has 
been used to generate missing daily rainfall as well as 
rainfall for locations based on a five second grid over 
NSL An analysis of the average annual rainfall for those 
grid locations for the period 1889 to 2010 reveals that 
the average annual rainfall varies from 1484 mm a’ near 
Swan Bay to 1676 mm a! south of Point Lookout, with 
standard deviations from the mean of 416 mm a! and 
413 mm a’, respectively. At the annual scale, for the 
raw observed data for 1960 to 2010, there is reasonable 
correlation between the annual rainfall at Dunwich 
and annual rainfall at Wallen Wallen (1? =0.972), Point 
Lookout (1’=0.849), and for Russell Island (1?=0.903). 
However, when compared at the day scale, the daily 
variation is considerably higher with the following 
correlation coefficients of Wallen (1 =0.846), Point 
Lookout (1’=0.783), and for Russell Island (1?=0.723). 
These results indicate that while there is a high probability 
of a coincident rainfall event at other localities, the 
magnitude of the rainfall event is less certain. 


Daily evaporation data for NSI is scant. Again the 
BoM SILO software was used to generate long term 
potential evaporation data for NSI. These results show 
there is a slight gradient increase in average annual 
potential Moreton evaporation from Point Lookout 
(1871 mm a") to Southport (1900 mm a’') 


RECHARGE 

Recharge to the regional groundwater table is derived 
mostly from infiltration of rainfall. In a few locations 
perched lakes and stream bed loss also contributes to 
recharge. Sand mining operations also contributes to 
some localised anthropogenic recharge. Runoff from 
the elevated bedrock also contributes to recharge. 


Laycock (1975b) calculated recharge based on:- calculation 
of the excess rainfall over evaporation in an average year; 
the use of a steady state model; and by equating recharge 
with estimates of all surface water and subsurface water 
losses. He estimated the average annual infiltration to 
be in the range 400 mm a" to 800 mm a’. Chen (2003) 
considered recharge at the day scale and distributed it 
over NSI by using seven (7) spatial zones based on the 
depth to groundwater table. He concluded there was likely 
to be temporal and spatial variability in recharge. Chen 
also suggested that indirect estimates of recharge would 
be difficult due to the complexity of other processes 


involved such as, rainfall, evaporation, surface infiltration, 
surface ponding, surface runoff, transpiration, unsaturated 
soil-water flow and deep drainage. Chen (2003) used 
the HYDRUS (v.5.0) software to obtain estimates of 
daily recharge and divided the unsaturated zone into five 
principal layers, 0, 15 m, 50 m, 100 m, and 150 m, and 
assumed a root depth of 5 m. He varied other parameters 
affecting evapotranspiration until he obtained the target 
level of annual average natural recharge of 400 mm a", 
600mm a! and 800mm a", suggested by Laycock (1975b). 
The Chen (2003) strategy was to create three groundwater 
models to ensure that the recharge reproduced some of the 
unsaturated flow effects expected in the field. By using this 
strategy he estimated the resultant uncertainty for recharge 
calculations to be +- 33%. 


A feature of the groundwater behaviour is the delay in 
the water level response following rainfall (Laycock, 
1975b; Muller, 1987; and Chen, 2003). These works 
identified a delay of up to 28 days for observation bores 
in which the depth to the regional groundwater table was 
less than 40 m,bel. In this current study the hydrographs 
for all bores including those provided by Redland Shire 
and by SIBELCO were analysed. Given a rainfall event, 
delays of up to at least 130 days were identified where 
the depth to the water table was nearly 100 m, confirming 
an association between the depth to the regional water 
table and the increasing delay in the response. Moreover, 
it was apparent that antecedent conditions involving the 
number of either continuous wet or dry days also played 
an important role in the first arrival time of the recharge 
pulse. Owing to the superimposition of recharge pulses 
following closely spaced sequential rainfall events, the 
exact identification of the contributing rainfall event 
became problematic with increasing depth to the regional 
water table. Since recharge had to be determined for the 
entire NSI up to depth of 190 m, bgl, the HYDRUS 
software used by Chen (2003) was trialled to replicate 
the observed delayed recharge pulses. While, discrete 
recharge pulses could be simulated for unsaturated zones 
up to 25 m, individual pulses became attenuated with 
increasing depth, and by 70 m, the pulse was highly 
attenuated with a near continuous daily recharge. Since 
the groundwater monitoring suggest there were discreet 
recharge event at these groundwater depths, an alternative 
approach was required. 


In the present work, daily estimates of recharge were 
derived from the SPLASH_ Multi software (Leach, 2006). 
SPASH Multi is a one dimensional lumped parameter 
model for simulating the temporal behaviour of soil 
moisture in the plant root zone and in the unsaturated 
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zone below the root zone. This model is a cascading mass 
balance model. The model simulates evapotranspiration 
from the root zone or from the surface, and once the soil 
moisture wetting pulse is below the root zone, the model 
conserves soil moisture and delays the arrival time of the 
wetting pulse until it reaches the regional water table. The 
model is capable of simulating “perching” by reducing 
the permeability in any of the layers coupled with a small 
retention storage that spills during prolonged wet periods. 
This accounts for the delay of the first arrival of the recharge 
pulse after an extended longed dry period. The adopted 
soil properties for the sand are the properties suggested 
by Laycock (1975b): specific yield of 22%, void ratio of 
35%, specific retention of 3%, and a vertical permeability 
of 6 m d'. For the elevated heathlands where there is 
extensive root mat development and for the wetlands 


where there is peat, the void ratio was increased to 50% 
in order to account for the additional moisture absorption. 
For the identified perched wetlands and swamps, and 
where perching may extend some distance away from the 
perched lakes (Kounpee, Blakesley and Black Snake,), a 
surrogate permeability of 0.001 m d'was used at a depth 
of 10 m. For the remainder of NSL a common vertical 
permeability of 6 m d'was used. Details of the four soil 
zones and adopted soil properties are shown as table 5 

The SPLASH Multi model also requires an estimate of 
the root depth. Details of root depth profiles for NSI are 
scant (EHA, 2005; Overton, 2006; McJannet, 2008). 
The remanent vegetation communities of (Dowling 
and Cartan 1997, Dowling et al., 2003) were grouped 
into five root zones and an assumed average root depth 
was assigned for each zone (Table 6). The review 


TABLE 5: Adopted Physical Soil Properties for the SPLASH Multi Recharge Model 


Index | Location Wilt Point PAW (a) Gravity Void Ratio KSat # Restriction 
ay Store aaa ae Layer(b)* 
— mn F(mm mr) | 


(mm m- }(mm mm!) | 


=—- 


I% fmt) ') 


(a) These properties have been adopted from Laycock(1975b) 

# Ksat is the saturated hydraulic conductivity. 

* For the remaining soil depth layers to 190 m below ground level the Ksat is a constant 6 md -1 
(b) In order to account from perching a restriction layer 1s used in SLASH_Multi 





TABLE 6. Remnant Vegetation Types and Adopted Typical Root Depth 
Adopted Root Depth 


Broad Vegetations Groups# | Vegetation Map Units# Remnant Vegetation Class# 
(m,bgl) 


Ee (:  ( 
i 
i 


hes areas 
Ea 0 


# Modified from the Remnant Vegetation mapping (Dowling and Carton 1997, and Dowling et al., 1997). 
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has shown that recharge decreases with root depth. 
To illustrate this, Figure 17 shows the 10 year moving 
average recharge at one location at a depth of 100 m, 
bgl, for the period 1889 to 2011, for root depths of 1m, 
2 mand for 6 m respectively, while figure 18 shows the 
percentile distribution of annual recharge for the same 
root depths. These plots show the annual recharge is 
highly variable which suggests that for these 120 years 
the concept of steady state recharge is untenable. 


SPLASH_ Multi provides as output, a daily time series 
of the recharge pulse for each soil-root combination, 
and for each depth layer up to 190 m and to simplify 
the depth to the regional water table, 25 depth zones 
were established. In order to establish distributed 
recharge over NSI, for each time step, the recharge for 
each model cell is a unique intersection derived from 
one selection: from 4 possible soil types(table 5); one 
selection from 5 possible root depth zones(table 6); and 
one selection from the 25 depth to the regional water 
table zones. A post processor program was written as 
part of this current review to assemble the time series 
data as a unique soil-root depth-depth to regional water 
table combination. A conceptual model that integrates 
the SPLASH_ Multi output is shown as Figure 19. 
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FIG. 17. Ten Year Moving Average Recharge showing the 
variation in recharge during wet and dry periods. 
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FIG. 18. Percentile Distribution of Annual Recharge showing 
the reduction in recharge as a result of root depth. 


Table 7 shows the average monthly distributed recharged 
for the period 1889 to 2011 in megalitres / month (ML/ 
mth) for the entire island as well as the recharge for each 
root depth zone. Approximately 17% of the island has 
an assigned root depth of less than 1 m and 71% has a 
root depth of 6 m. It is seen from Table 7 that recharge is 
sensitive to root depth. Moreover, the median values are 
close to. The weighted mean average annual recharge 
for the entire NSI is 127,540 ML a (see table 7). 
Recharge beneath the coastal plain does not contribute 
to the regional groundwater flow, and if this is excluded 
(37,000 ML a’ ) then the approximate average annual 
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FIG. 19. Conceptual Hydrological Recharge Response Unit 
showing the integration of the SLASH_Multi model layers. 
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TABLE 7: Average Monthly Recharge for each Root Depth Zone and Average and Median Annual recharge for the Period 
1889 to 2011 


Whole Island | Root Depth Zones 


ML/Mth ML/Mth ML/Mth ML/Mth ML/Mth ML/Mth 


978 sf 1364 


19533 


AVETAEE! in ha bic 
mm a! 

Median 

in mm a! 





recharge for the elevated dunes is 90,550 ML a! Table 
7 also shows the average and median average annual 
recharge in mm a'. Owing to the variation in annual 
recharge the median values are typically 100 mm a! 
less than the average values and suggests the median 
better represents long term annual likely recharge values. 
Figures 20 and 21 show scatter plots, for monthly and 
annual recharge at depths of 10 m, and for a root depth of 
6 m, compared to the corresponding month and annual 
rainfall. The correlations between annual recharge and 
annual rainfall and between month recharge and rainfall 
are best described as associative rather than causation. 
The main causative factors therefore are antecedent soil 
moisture and evapotranspiration. This supports Chen’s 
(2003) assertion that it is not appropriate to use estimates 
of recharge base solely on a constant factor or rainfall. 


GROUNDWATER FLOW MODEL 
Gallagher and Leach (2010) revised earlier modelling 
work. Even after considering the 3 dimensional 


hydrology and morphology which has been shown 
to be time variant, a transient 2 dimensional model 
structure was retained based on the available data, the 
“principles of parsimony” and to maintain consistency 
using the MODFLOW-2000 Version 1.17.01 software 
(McDonald and Harbaugh, 1988),. Initially the 
grid size was 200 m x 200 m was trialled, however 
owing to the steep groundwater gradient at the toe of 
the escarpment, and to improve sensitivity close to 
groundwater dependent ecosystems, the cell size was 
reduced to 100 m x 100 m. The groundwater discharge 
to the perennial streams (e.g., Aranarawai Coroon 
Coroonpah Freshwater Creek, Eighteen Mile Swamp, 
Flinders Beach Wetlands, Duck Creek, and Yerrol) 
and the remainder of the coastal plain was simulated 
using the drain package of MODFLOW-2000. For the 
calibration period of 1960 to 2007, the elevated dredge 
pond water levels from sand mining and stream flow 
were also included in the calibration process. The 
transient calibration was undertaken using the PEST_ 


4? PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 


y = 0.5547x - 36.259 
R? = 0.6605 
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FIG. 20. Scatter plot of Month Recharge verses Month 
Rainfall showing the variation. 
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FIG. 21. Scatter plot of Annual Recharge verses Annual 
Rainfall showing the variation. 
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FIG. 22. Simulated Groundwater Storage 1960 to 2007 
above mean sea level. 


ASM software, with pilot points, regularisation and 
with SVD-Assist (Doherty, 2003, 2005a, 2005b); this 
approach enabled model predictive error analysis of 
groundwater elevation to be undertaken (e.g. Moore 
and Doherty, 2005; Gallagher and Doherty 2007). 
The analysis found that predictive error (including 
measurement noise and error relating to system 


detail) was not only spatially dependent; it was also 
temporally variable in responses to extended wet 
and dry periods. Moreover, the highest predictive 
error was in those locations where there observation 
data were scant. During the calibration period from 
1960 to 2007, the average total groundwater volume 
above mean sea level (msl) was 930GL (figure 22). 
For reference the additional estimated volume of 
groundwater below msl is 2000GL. Model results 
show that in the calibration period the average annual 
inflow to the model was 137 Gigalitres (GL a‘') and 
the average annual outflow was 143 GL a' with a net 
change in storage of 6 GL(see table 8). The 1998 to 
2007 period was considered more relevant than the 
full calibration period given the recent operational 
history of sand mining and municipal pumping (table 
9). In this period, recharge and inflows from the sand 
dredge ponds totalled 102 GL a", while outputs from 
groundwater including surface seepage, pumping, 
inflow to the sand dredge pond and coastal outflow 
totalled 129 GL a! resulting in a net change in 
storage of 27GL (Tables 8 and 9). This change in 
storage is echoed in the bore hydrographs. It was 
found that for the total outflow budget the relative 
proportions for: coastal discharge ranged from 17% 
to 27%; groundwater extractions (including town 
water supply, municipal borefield, mine dewatering) 
ranged between 5% and 21%; and surface discharge 
ranged from 37% to 55%.budget. Of the 129 GL 
a' outflow, on average approximately 16% was 
groundwater extraction, 55% was discharge to 
wetlands, 2% was discharge to Blue Lake, and 27% 
was submarine discharge at the coast line. 


CONCLUSIONS 

The additional data collected from 2000 to 2007 has 
resulted in a better understanding of the hydrology, 
basement, recharge and water balance of North 
Stradbroke Island. To maintain consistency with 
previous work, the revised model was based on 
MODFLOW-2000. The refinement of the model 
grid to a 100m x 100m dimension has improve 
incorporation of surface drainage, pumping bores 
and the sand dredge pond movement with time. 


A formal transient calibration process was 
undertaken to allow potential estimation of 
aquifer parameters and to better accommodate 
time-variant pumping and mining-related stresses. 
The incorporation of the revised recharge and all 
available groundwater extraction data, sand dredge 
paths, and groundwater level and stream height 
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TABLE 8. Average Annual Water Balance (ML/yr) for Transient Calibration Period (1960-2007) 


[pains iO 
[conserved ‘fo 
Prive id S—~id 


A Storage = +6614 ML/yr 





TABLE 9. Average Annual Water Balance (ML/yr) for Last 10 years of Transient Calibration Period (1998-2007) 


Constant Head 





A Storage = +27064L/yr 


observation data greatly improved the calibration. 
In addition, the inclusion of measured outflows 
from Blue Lake also helped to reduced parameter 
non-uniqueness. 


The review found that the revised groundwater 
flow model could replicate the observed 
groundwater levels and the predictive error was 
spatially and temporally dependent. The inclusion 
of the predictive error analysis of water table 
predictions provides for a quantitative estimate of 
the propensity for error in simulated water table at 
every cell in the groundwater flow model. 
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SETTINGS AND GROUNDWATER LINKS 
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North Stradbroke Island is a large sand mass of ecological and economic value and is a unique geological 
and hydrological feature. The island has evolved through a variety of marine- and wind-driven 
processes involving movement and deposition of sands. These processes have resulted in characteristic 
geomorphology and physical properties. An essential part of the development and function of the island 
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INTRODUCTION 

North Stradbroke Island is a large sand mass and 
forms the southeastern boundary of Moreton Bay 
(Figure 1). The island is of importance for its supplies 
of good quality groundwater but also its unique 
ecosystems; economically the island is of value for 
tourism, and currently sand mining operations. The 
island (Minjerriba) also has high indigenous value 
and a permanent population of around 3,500, located 
in Dunwich (42%), Amity Point (16%) and Point 
Lookout (35%), and several other small settlements 
(7%). In addition, well over 200,000 people visit the 
island annually, notably over the summer vacation 
period. There is no bridge connection from the 
mainland and access is by largely by boat. 


There are a numerous morphological features on North 
Stradbroke Island, which have been produced by a 
wide range of natural processes. Water is fundamental 
to this sand island both in its formation and as a 
critical resource, in particular the different forms of 
groundwater. Of prime significance are the numerous 
lakes (or lagoons) that mostly represent surface runoff, 
or seepage, in localised catchments. These lakes 
and associated wetlands are commonly perched on 
low permeability material on valley floors and local 
depressions. Also of note are a number of flowing 
streams on the low-lying fringes of the island. 


All these surface water features reflect the intimate 
relationship between groundwater and surface 
water, however, this is highly variable spatially and 
temporally. The island has a regional groundwater 
body, the surface of which occurs at different depths, 
and can vary substantially in response to rainfall. The 
main natural recharge mechanism to this aquifer is by 
infiltration of rainfall through the permeable sands. 
From an environmental perspective the links between 
groundwater and the ground surface are very important 
in the maintenance of different ecosystems. In an 
attempt to better understand these variably connected 
systems and their processes we use a visualisation 
approach in both two- and three-dimensions to display 
the relationships. 


PHYSICAL SETTING 

CLIMATE 

The Moreton Bay region experiences a subtropical 
climate with mean daily temperatures in the order of 
15°—29°C in summer, and 9°—20°C in winter. Average 
annual rainfall varies within the region depending on 
location. On North Stradbroke Island mean annual 
rainfall is estimated as 1677 mm at Point Lookout 
(1947-1999), with mean annual pan evaporation of 
1,498 mm. The mean rainfall also varies with location 
on the island, but a median value is 1645 mm; rainfall 
on the island is significantly higher than that for 


A8 PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 


a Point Lookout 
Yelyayy Uoreleraiat) oe 


Pah aia hcl Sresk 





| Seer 





nteen Mile Swarnp 


(Sig Hits Creel’ 


JSi3 Wefefatesp) 


hi 


iiieweonc|pigner 


FIG. 1. Main towns, roads and surface water features of North Stradbroke Island and regional location. 
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adjacent mainland centres such as Brisbane (1,146 
mm a'), Cleveland (1,272 mm a") and Southport 
(1,438 mm a) (Bureau of Meteorology). 


GEOMORPHOLOGY 

North Stradbroke Island has a land area of 
approximately 275 km? of which around 20% is 
fringing wetlands and beaches. The island has a 
maximum length of 37 km north-south, with a 
maximum width of around 11 km. Topography 
is dominated by the large sand dunes which 
are commonly 75 m above sea level and reach a 
maximum height of 219 m near the centre of the 
island. North Stradbroke is described as a dune- 
island barrier (Kelley and Baker, 1984) and is 
formed of transgressive, onlapping dunes which 
are aligned in northwest-southeast axes across the 
island, and generally become younger towards the 
east. In summary, the oldest dune systems form the 
northern and central core of the island; dunes of the 
middle periods occur in the western parts, and more 
recent dunes occur in the eastern sections and form 
the southern part of the island. 


Geologically, North Stradbroke Island is described 
as being dominated by unconsolidated sediments of 
Quaternary age (< 2.6 Ma) which form the extensive 
dunes of siliceous sands. Beneath these Quaternary 
sands is a basement of Mesozoic age sedimentary 
and volcanic rocks, and some ancient Palaeozoic 
age metamorphic rocks and metasediments (e.g. 
Cranfield et al., 1976; Department of Mines 
Queensland Government, 1986; Willmott and 
Stevens, 1992). The basement rocks are exposed 
in the central-west and northeast of the island, and 
have an overall dip to the east. 


Consideration of sea level in Moreton Bay over 
the last 10,000 years (e.g. Chappell, 1983; Flood, 
1984: Stephens, 1992: Lockhardt et al., 1998; Sloss 
et al., 2007) concludes that around 8,000 years ago 
(post-glacial marine transgression) it was 5 to 7 m 
lower than now. During a warming period (around 
6,000-6,500 years ago) sea level reached a peak of 
1 to 1.5 m higher than its present level; it dropped 
to its current position around 2,500-3,000 years 
ago, when coastlines migrated seawards. Since 
that time there have been minor variations. Flood 
(1984) noted that evidence for the period 1940- 
1980 suggests a rise on the order of 1 mm/year; he 
also noted estimates suggested a possible sea level 
rise of 40-60 cm by 2050. 


Coastal swamps and active beach ridge systems 
flank much of the island’s shoreline. Notable are the 
9 km long freshwater wetland immediately south of 
Flinders Beach in the northwest, and the 26 km long 
freshwater wetland of Eighteen Mile Swamp on the 
eastern coast (Figure 2). This wetland has formed 
at the base of a steep vegetated escarpment and 
is described as a strand plain. Previous work (e.g. 
Grant, 1984; Flood and Grant, 1984) suggested that 
this wetland commenced development during a slight 
drop in sea level (< 1 m) some time after the sea level 
maximum around 6,000 years BP, and its northern 
section has been in existence from around 2,400 
years BP. The larger, southern part of Eighteen Mile 
Swamp was established around 600 years BP (Flood 
et al. 1986). Important is the flow in Freshwater 
Creek that traverses the length of the wetland to 
discharge into Swan Bay. Cores collected at the top 
of Eighteen Mile Swamp by Specht (1993; 1994) 
produced dates for the bottom of the peat of 2,390 + 
110 years BP and at the top 101.8 + 0.7% years BP. 
Boyd (1993) surmises that there was a low average 
accumulation rate of 0.115mm/year, which is in 
strong contrast to an accumulation of 5-7 mm year! 
calculated by Flood ef al. (1986), for peat around 
Herring Lagoon. This low rate coincides well with 
Flood et al.’s estimate of 600 years before present 
for the establishment of Eighteen Mile Swamp in its 
present form. The adjacent dune escarpment has an 
average height of 40 m and a slope of 30° - 37°, and 
was initially formed as a result of wave action, then 
exposed following sea level change. The scarp is 
steeper than the stable “angle of rest” of dry sand and 
is largely maintained by the root systems of natural 
vegetation (e.g. SMEC, 2005). 





FIG. 2. View to northeast from top of scarp immediately 
south of Enterprise Mine, overlooking Eighteen Mile Swamp 
mid-2007 (photo M. Cox). 
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FIG. 3. Oblique projection of North Stradbroke Island showing soil types and distribution (after Thompson and Ward, 1975) also 


showing grouping of soils by physical setting. 


The present-day sand beaches form margins to the island 
on the oceanic east coast and on the north coast; behind 
them are freshwater wetlands at the base of the dunes 
and the main groundwater aquifer. These beaches are 
dynamic zones of wave action and northward migrating 
sands along the ocean shoreline due to longshore 
currents. The western shoreline within Moreton Bay, 
is a lower energy depostional environment commonly 
with small embayments filled with estuarine muds 
and supporting mangrove forests. These different 
environments are clearly represented by the shape of 
each shoreline, clearly seen in Figure 5. 


SOILS AND VEGETATION 

Development of a mature soil profile on the island 
tends to be limited due to its relatively young age. 
The older sand units are notable for ‘coloured sands’ 
resulting from weathering processes, and also contain 
varying amounts of heavy minerals (e.g. ilmenite, 
rutile, zircon, leucoxene, monazite and magnetite). 


Eleven soil landscapes have been recognized on 
North Stradbroke Island with six dominant soil types 
(namely, siliceous sand, podzols, acid peat, saline mud, 
red earth, and lithosol) (e.g. Thompson and Ward, 
1975; Figure 3). The main north-south axial zone 
of the island is dominated by podzol soil consisting 
dominantly of quartz sand formed on the crests and 
slopes of ancient dunes (Figure 4). 


Of significance to the hydrology of this island sand 
mass are the lower permeability layers produced by 
weathering processes over geological time. Common 
are layers of iron oxides, which cement sands and 
locally reduce permeability (e.g. Thompson et al., 
1996). Such layers occur within the unsaturated 
profile, and can be observed in coastal zones where 
dune sands are exposed, and in mining operations. 
Other low permeability layers are produced by 
deposition of humic matter and fine grain silts; such 
layers are common on other sand island and when 
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hard are referred to as indurated sands (e.g. Cox at al., 
2002; Cox and Labadz, 2008). 


Significant to the stabilisation and hydrology of many 
coastal wetlands are the peat deposits, especially those 
in Eighteen Mile Swamp. These ‘acid peats’ consist 
of black-brown decomposing humic matter, and are 
typically >1 m thick, and the top 0.5 m is mostly fibrous 
roots and the lower section strongly decomposed. The 
peats tend to be saturated and overlie sands and organic 
hardpans (Thompson and Ward, 1975). Flood and 
Grant (1984) report drilling on this eastern wetlands 
by Geological Survey of Queensland (J. Laycock, 
unpublished data) that showed two peat horizons. The 
upper one supports the current freshwater swamp and 
is variable, possibly around 4 m thick; a lower, older 
layer around 10 m below this (-10 m AHD) is around 
6 m thick. These occur behind and partly below the 
active ocean beach. 


The vegetation of North Stradbroke Island (Elsol 
and Dowling 1976; Clifford and Specht 1979) is 
dominated by open eucalypt forest and woodland 
witha grassy or heathy understorey, heath formations, 
and fringing wetlands (including wet-heathland, 
saltmarshes, sedgelands and open woodlands). Less 
abundant vegetation types include some examples of 
closed-scrub and forest, and the vegetation around 
perched water bodies is either emergent or sub- 
surface. Heath vegetation has its best development 
in high rainfall areas. 


LAND USE 

There are three main populated areas on North 
Stradbroke (Dunwich, Amity Point and Point Lookout) 
which support residential, recreational and tourist 
activities. Much of the island, however, is covered 
by National Parks, recreation and water reserves, and 
Crown Land. An important activity is the abstraction 
and treatment of water for local supply and export to 
the mainland; freshwater is also extracted from Herring 
Lagoon and exported. There are also many groundwater 
bores that extract groundwater for mining operations. 
Sand mining is the main landuse that has produced 
geomorphological and hydrological modification, and 
has removed vegetation, modified the substrate and 
utilises, or moves, substantial amounts of groundwater 
(e.g. McMillan et al., 1984). There have been various 
forms of mining: (1) foredune dune mining for mineral 
sands, the oldest; (11) high dune mining for mineral 
sands, pre-1990s, (iii) high dune mining for mineral 
sands, post-1990s, and (iv) sand extraction (Figure 5). 


Sibelco Australia Ltd has recently taken over 
Consolidated Rutile Limited (CRL) and Unimin, and 
now operates the two major mines, namely Yarraman 
located at the northern end of the island and Enterprise 
located in the central-east of the island. Recent annual 
production is around 80,000 tonnes of rutile, 60,000 
tonnes of zircon and up to 150,000 tonnes of ilmenite. 
In these operations reject material, fine sands and 
clays are pumped as a slurry to settling dams or to 
reform dunes, from both of which there is seepage 
drainage. The company has mineral extraction leases 
over 11,300ha of the island. Recently, (2011) the 
Queensland State Government has placed a time limit 
of all sand mining operations on the island. Sibelco 
also operates an open pit at Myora, in the northwest 
to extract high grade silica sands; these occur as 
a leached white layer found above the humic and 
indurated layers. There was earlier sand mining along 
the western sections of the island, and many of these 
areas are now rehabilitated (Figure 5). Peat was also 
mined on the northwest coast in the late 1970s, but 
production difficulties limited operations. 


SURFACE WATER SYSTEMS 
An approach used here is based on 3D visualisation 
software to display and better understand the 
hydrology of North Stradbroke as an example of a 
large sand mass. This visualisation model expands on 
an earlier report (Cox et al., 2009a) which examined 
a 7 km wide section across the northern part of the 
island. The visualisation package GVS (Groundwater 
Visualisation System) uses existing data within a 3D 
framework and can also animate time series data, 





FIG. 4. Eroded section of central part of eastern dune scarp 
showing various podzolic soil types and weathering processes 
(photo: M. Cox). 
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FIG. 5. Oblique views of North Stradbroke Island showing topography, main surface water features and mining locations. The 
different character of the eastern ocean shoreline and the bayside shoreline is evident. Topography is colour coded in metres 


above sea level. Vertical exaggeration is 8 x. 


for example, water levels (e.g. Cox et al., 2009b; 
James et al., 2009). In this paper we have captured 
selected screen shots of both 2D and 3D images to 
display features of the island water systems, their 
morphological setting and hydrological processes. 
The GVS model from which the images are taken has 
also been produced in an interactive format which 
enables the operator to manipulate and examine the 
visualisation in a PC environment. 


The relationship between surface water features 
and the different groundwater systems is of 
importance. Due to the high relief of the dunes on 
North Stradbroke Island, the depth (or thickness) 
of the subsurface unsaturated (vadose) zone will 
vary greatly with position and hence the recharge 
pattern will also vary spatially. This unsaturated 
layer is thickest under the main dunes and becomes 
relatively thin near the coastline; recharge will be 


most affected by unsaturated flow hydrodynamics 
where the zone is_ thickest. Groundwater 
hydrographs show water level changes over 
time, notably following heavy rainfall of summer 
storms, such as in 1974, and also 2010-2011 (see 
Cox et al., 2011). 


TYPES OF SURFACE WATER FEATURES 

Many surface water features have previously been 
recorded and named (Figure 6). Here we have 
grouped the main features based on geomorphology, 
as well as hydrological processes and location 
(following Cox and Specht, in press; Figure 7). 
This approach is used in an attempt to better define 
the source of water to these features and how they 
function, and to provide a geomorphological scheme 
within which these features can be assessed. The 
relation of certain lakes to topography was also 
noted in earlier work (e.g. James, 1984). 
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FIG. 6. Summary of documented surface water features of 
North Stradbroke Island showing their wide distribution 
(CRL unpublished data, in Marshall et al., 2006). 


Type A (high elevation discharge features): typically 
at higher elevation, within the recharge areas of 
the island and mostly above the regional saturated 
groundwater body. They are typically perched to 
some extent, and are often the result of, or related to, 
localised geomorphological features such as drainage 
basins or depressions. 


Type B (low elevation discharge features): 
at relatively lower elevations, usually within a 
localised low area where the regional groundwater 
aquifer discharges at a focal point, such as in a gully 
or depression. 


Type C (coastal seepage discharge features): 
low elevation, usually coastal, often related to a 
change of slope, many draining to a wetland at < 
2m AHD. These features may be seepages of both 
regional basal groundwater and local perched 


groundwater; it is likely the relative amounts may 
vary under different rainfall regimes. Some of the 
resulting wetlands may themselves be ‘perched’ 
by a low permeability sequence (e.g. organic 
matter, silts) which hydrologically separates 
them from underlying basal groundwater which 
is flowing seaward. 


High elevation features (Type A) 

These features are mostly perched lakes and 
largely occur along the western half of the island, 
many at higher elevation within older terrain of 
limited local relief. The lakes are largely a result 
of internal drainage, which is both runoff after 
rainfall and more continual seepage of unconfined 
groundwater from the peripheral areas. In most 
cases local perched layers are involved. Most of 
these features are typically higher than the regional 
water table (e.g. > 2 - 20 m). The main surface 
water bodies of this type are: 


Type A (high elevation discharge features) 
Feature (Catchment basin) 

Welsby Lagoon (3) 
Brown Lake (6) 
Lake Kounpee 
Kounpee Swamp (9) 
Blaksley Lagoon (9) 
Shag Lagoon (9) 
Black Snake Lagoon (9) 
Mungaree Lagoon (10 and 11) 
Ibis Lagoon (11) 

Jarragil Lagoon (12) 

Horseshoe Swamp (3) 

Tea Tree Swamp (13) 

Native Companion Lagoon (14) 
Duck Lagoon (15) 

South Lagoon (15) 


(9 northern) 


Many of these perched lake systems dry out as part 
of natural processes linked with long periods of 
low rainfall, and especially so in smaller scale local 
catchment areas. Brown Lake (Bummiera) appears 
to be the exception to drying, although water levels 
do fluctuate. Most loss from Brown Lake (Figure 
9) is probably by natural slow seepage through the 
lakebed and the base of the stream flowing into the 
lake. Due to their formation, each of these lakes, or 
system of lakes, will have their own hydrological 
system, which will be controlled by each local basin. 
Guard (2000) reported laboratory and field tests to 
determine the hydrological properties of indurated 
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FIG. 7. Generalised drainage divides of North Stradbroke 
Island based on topographic features. Numbers are surface 
“catchments” or basins, and letters are coastal wetlands 
zones. Lines show cross-section A (Figure 10) and B (Figure 
14) shown in this paper. 


sands on the island and found saturated hydraulic 
conductivity values for soil cores ranged from 0.74 
md! to 5.01 md" with an average of 2.59 md" (3 
x 10° cm s'!). Using a disc permeameter in the field, 
he found lower saturated hydraulic conductivity 
ranges between 0.02 m d'! to 0.81 m d! for the 
upper several centimetres. 


The physical nature and distribution of the 
perching layers beneath these water bodies can be 
complex as has been determined by hydrological 
investigations by mining operators. For example, 
at Lake Kounpee multiple levels of interacting 
perching layers have been identified to a depth of 
around 20 m below lake level (Mark Robertson, 
pers. comm., 2006) and these layers appear to be 
of highly variable elevation and lateral extent 
between lake systems. This extensive perched- 
aquifer system in the central-west of the island 
stretches from Lake Kounpee in the north to Ibis- 
Dakkabin Lagoons in the south (Figure 8). Each 
water body has a different localised catchment 
and a range of water levels, but they appear to 
be connected with water flowing from one to the 
next when water levels are high. Black Snake 
Lagoon has the lowest elevation in this group 
and its water table is commonly at or just above 
the regional water table. It is very likely that 
this water body is hydraulically connected to the 
basal water body. 


Mining operations also confirm that in many cases 

perching layers extend beyond the surface “drainage 

basin” features. Observations by CRL (Paul Smith, 
written communication, 2008) indicate that Kounpee 

Swamp, Blaksley Lagoon, Shag Lagoon and Black 

Snake Lagoon appear to be interconnected and share 

some common perched layers (catchment 9). Some 

features are of note: 

e Lake Kounpee is a separate layer with Lake 
Kounpee North’s perching layer situated 
at a higher elevation (in the very north of 
catchment 9) 

e Ibis Lagoon and the associated wet heaths are 
essentially a group of perching layers working as 
one unit (catchment 11) 

e Jarragil Lagoon’s perching layer is extensive 
although the lake is quite small (catchment 
12), as is the case for Mungaree Lagoon, which 
is an extremely small surface expression of a 
reasonably large catchment (possibly catchments 
10 and 11) 

e Horse Shoe Swamp and Tea Tree Lagoon are 
almost certainly linked as part of a very large 
catchment (catchment 13). 


Groundwater-surface water interaction for Type A 
features 

In most cases there is no component of regional 
groundwater discharging to Type A features, as they 
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TABLE 1. Estimates of height above regional water table of perched systems 


Height above regional water table Examples of perched systems Probability of interaction 
(average water levels) 


10-—20m Kounpee Swamp, Blaksley, Welsby Unlikely 
Lagoons, Brown Lake 


2-10m Shag, Ibis-Dakkabin Lagoons, Native | Possible 
Companion Lagoon 


0.5 In Tortoise, South Lagoon, Little Almost certain 
Canalpin Creek, fringing swamps 


(Mark Robertson, CRL, pers. comm., 2006, in Marshall et al., 2006) 
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FIG.8. Oblique view of the Lake Kounpee-Ibis Lagoon area, showing previous mining locations (foreground) and current 
(background). Canalpin Swamp Central is on the coastline in the foreground. Satellite image is Spot 5. 


are above this basal water table. The height above 
the regional water table does vary spatially and is 
summarised in Table 1. The water filling these features 
is sourced from rainfall, local drainage systems, 
unsaturated groundwater throughflow in the local 
dune systems after rain, and some slow seepage from 
low permeability material in their ‘catchment’ divides. 
It is likely that this underlying material is usually in a 
saturated condition. 





Several perched systems are clearly separated from _ FIG. 9. BrownLake showing sandy beachandalso the brown humic 
the regional water table (e.g. Duck Lagoon in the _ staining of the water which naturally produces slight acidity. 
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south, and Swallow Lagoon in the central north), but 
others are located at elevations within, or near to, 
the historic range of the basal water table variation, 
and may occasionally be partially dependent on 
it. Welsby Lagoons in the northwest of the island 
(subcatchment 3) are within a local depression at an 
elevation of over 40 m AHD, and experience some 
discharging flow to the north under wet conditions. 


Observations of Brown Lake indicate certain 
conditions: (a) the hydrograph (gauge) for Brown 
Lake has a similar response to bores in the local 
shallow unconfined aquifer, and to rainfall; (b) 
Brown Lake is connected to a locally perched 
aquifer and its water budget should include rainfall, 
evaporation and natural recharge, and (c) there is no 
stream outflow evident for Brown Lake and although 
this local hydrological system is clearly perched, it is 
highly likely there is some leakage from the system 
to the underlying unsaturated zone (Figure 10). Water 


; Amity Rehabilitation 








levels of some of the larger lakes have been known to 
remain at relatively high levels for some periods of 
several years, as occurred at Brown Lake following 
the January 1975 cyclonic rainfall event. Of interest, 
the same response occurred at Tortoise Lagoon, but 
it is possible that there may have been a contribution 
from the regional water body. 


Low elevation features (Type B and C) 

The main discharge features in this group are 
represented by locations where the regional 
groundwater intersects the ground surface, usually at 
a topographic low, and often where there is a sudden 
change in slope. These locations are commonly 
within local topographic lows, such as gullies, which 
are groundwater flow line convergence points (Type 
B), or as seepage faces along a zone (Type C). Of 
these, Type B has a higher local discharge, while 
Type C features tends to extend over a broader area 
and to be of a more diffuse form. 





FIG. 10. Cross-section A through Brown Lake and Keyhole Lakes. The 3D image shows surface (Spot 5 satellite image) and 
contoured bedrock. Outline section shows surface, bedrock and sea level, with scale in metres relative to sea level. 
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Type B (low elevation discharge features) Tortoise Lagoon (7) 

Feature _ (Catchment basin/discharge zone) Blue Lake (regional groundwater table) (7) 

Wallum Creek (2) 

Aranarawai Creek (3) Although surface drainage systems are not 
Cooroon Cooroonpah Creek (5) extensively developed on North Stradbroke Island, 
Capembah Creek (5) there are a number of creeks and other features that 
Myora Spring (5) do have significant surface flows. This discharge 
Yerrol Creek (5) is largely sourced from the regional groundwater 
Little Canalpin Creek (D) body, and tends to be perennial in nature. Present 
Yarraman Lakes (lagoon) (4) day waterbodies include a range of perched 
Keyhole Lakes (artificial trench) (4) wetlands and lakes, ephemeral and permanent 
Yarraman Creek (4) streams and seepage areas. The Keyhole Lakes, 


TABLE 2. Summary of historical stream discharge estimates for North Stradbroke Island 


Amity Swamp & unnamed creek 
Cooroon Cooroonpah Creek 


20,000 
87,500 (est.) 





FIG. 11. Blue Lake, mid-2007. FIG. 12. Northern section of Freshwater Creek looking northeast 
from the causeway on Eighteen Mile Swamp, mid-2007. 
The causeway partially restricts the free flow of the creek. 
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for example, are artificial and were created in 
the 1950s. Laycock (1975) provided historical 
estimates of the discharge of various watercourses 
(Table 2) and also estimated the total water 
discharge from obvious surface water flows to be 
between 145,000 and 195,000 m?d"! (i.e. 52,925 
and 71,175 ML a‘). 


Groundwater-surface water interaction for Type B 
features 

The perennial streams of North Stradbroke Island 
mostly have their headwaters in the high dunes 
where they tend to be ephemeral but become 
perennial in the lower reaches, where the regional 
groundwater body intersects the ground surface 
and discharges as springs. In their upper reaches, 
these streams may also receive some baseflow 
from perched groundwater systems, for example 
Capembah Creek. At Myora Springs, the regional 
groundwater discharge supports not only enhanced 
stream flow, but also a small area of rainforest. 


Blue Lake (Karboora) is considered to be an intersection 
of the regional groundwater system and could potentially 
be affected by increased extraction of groundwater. 
However, reports by Lee-Manwar et al. (1980), Chen 
(2003) and J. Marshall (DERM pers comm., 2007) 
confirm only minor changes in the water levels of 
Blue Lake over time, and indicate a close relation to 
the regional water table but relatively stable supply. 
Records of outflow from Blue Lake into Eighteen Mile 
Swamp, since the early 1900s, show that the flow rate is 
consistently measured between 15 and 17 ML d". 





FIG. 13. Myora Springs upstream of road, mid-2007. 


Observations of Blue Lake indicate the following: 
(a) it is in a deep gully that drains groundwater from 
the regional aquifer; the downstream end is at higher 
elevation than the lake floor and vegetation of thick 
reed restricts some lake discharge; (b) when water 
levels in the lake rise above the downstream surface, 
water flows out of the lake into Eighteen Mile Swamp; 
(c) water levels in the lake fluctuate quickly in 
response to individual rainfall events and groundwater 
levels, and (d) the current interpretation is that Blue 
Lake behaves like a natural weir and is a window to 
the regional water table. Earlier studies of the area 
show the lake area and bathymetry remain relatively 
constant and varied only 0.4 m from 1968-1978 (Lee- 
Manwar et al., 1980); this generally constant condition 
is confirmed by later measurements (John Marshall, 
DERM, pers. comm., 2007). 


The Keyhole Lakes in the Yarraman area were 
produced as a result of mining north of the causeway 
in the 1960’s-1970’s; they are an artificial trench 
that may provide some direct access to the basal 
groundwater body, but also respond to rainfall. 
Yarraman Creek appears to be partially perched, 
and is now used as an artificial dam, to reduce flow 
through the Yarraman Mine. Of these type B features, 
only Blue Lake and the Keyhole Lakes intersect the 
regional groundwater surface. 


Tortoise Lagoon forms in an elongate depression 
between two steep dunes with regional strike. Earlier 
observations (Lee-Manwar et al., 1980) describe 
a creek with perennial flow entering the lake at 
its northwestern end, but no outflowing creek was 
observed more recently. In February 1977 the lake 
area was 7.33 ha and mean depth 3.8 m and those 
authors noted that Tortoise Lagoon experiences a 
similar water level fluctuation to Brown Lake. With 
the prolonged dry conditions to early 2008 Tortoise 
Lagoon had become a wetland with no open water 
areas. Mark Robertson (pers. comm., 2006) suggests 
that Tortoise Lagoon may have a poorly developed 
perched layer, but is highly dependent on the level of 
the regional water table. Sections of the swamps that 
fringe the island are also shown to be partially perched 
at levels near the regional basal water table. 


Type C (coastal seepage discharge features) 
Feature (Discharge zone) 

Flinders Beach Wetland (A) 

Amity Swamp (B) 

Wallen Wallen Swamp (C) 


NORTH STRADBROKE ISLAND 3D HYDROLOGY: SURFACE WATER FEATURES, 59 
SETTINGS AND GROUNDWATER LINKS 





120 


Black Snake 
Lagoon 


Canalpin Swamp 









Enterprise Mine 


120 


; . 60 
Eighteen Mile 


Swamp 
SL 














km 


fan) 








-60 


FIG.14. Cross-section B through Blake Snake Lagoon and southern Enterprise Mine. 3D image shows contoured surface and 
contoured bedrock. Outline section shows surface, bedrock and sea level; eroded scarp on east of dunes is evident. 


Adams Beach (south of Dunwich) (C) 
Deanbilla-Wallen Wallen wetlands (C) 

Canalpin Creek (D) 

Willes Island-Double Island wetlands (E) 

Eighteen Mile Swamp (G and H) 

Freshwater Creek (Eighteen Mile Swamp) (G and H) 
Herring Lagoon (Eighteen Mile Swamp) (H) 

Palm Lagoon (Eighteen Mile Swamp) (G) 

Swan Bay (F) 

Duck Creek (Never Never Ck) (F) 


Groundwater-surface water interaction for Type C 
features 

A large section of the coastal strip of North Stradbroke 
Island is bounded by wetlands of varying character, 
and with some linkage to the regional groundwater 
body (Figure 14). For example, discharge of basal 
groundwater to Flinders Beach wetlands appears to 
be significant. Laycock (1978) observed that there is 
no dunal barrier to the swamps on the western side of 
North Stradbroke Island and that freshwater entering 
these swamps passes directly into Moreton Bay, 
often through mangrove habitat and tidal wetlands. 


However, in some areas there may also be discharge 
of perched water systems into these wetlands and 
in some of these wetlands there is tidal influence 
especially on the west coast. This is not the case on 
the eastern ocean coastline, due to the development of 
the extensive peat-sand deposits. Chen (2002; 2003) 
concluded that the major swamp formations in the 
northwest of the island are perched rather than being 
regional groundwater discharge, except where they 
occur at the island fringe. He also concluded that the 
narrow swamp areas on the coast near to and south of 
Dunwich are associated with groundwater discharge, 
but the degree of perching is not determined. 


Laycock (1978) noted that Freshwater Creek in the 
Eighteen Mile Swamp intercepts water from several 
easterly flowing streams and from spring lines on 
the eastern escarpment. He observed that the overall 
flow in Freshwater Creek is southward and it enters 
the sea at Swan Bay. He estimated the creek flow 
rate (confirmed by A. Specht in 1989) is in the 
vicinity of 3-4 mm d", and that the salinity steadily 
increases southward. This appears confirmed by four 
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lagoon samples (Specht, 2007) with EC of 110 uS 
cm! north of Herring Lagoon to190 uS cm! at Palm 
Lagoon. The western edge of Eighteen Mile Swamp 
is hydrologically connected to the eastern side of the 
regional aquifer along the scarp (Figure 14), which 





FIG. 15. Perched freshwater lake in Eighteen Mile Swamp 
near Herring Lagoon (photo M. Cox). 





FIG. 16. V-notch weir south end of Keyhole Lakes, measures 
flow into head of Freshwater Creek. Lower picture in mid- 
2007 drought. (Photos: top, L. Leach; bottom, M. Cox). 


is confirmed by the observation of Chen (2003) who 
noted that water levels in the swamp were persistent 
around 4 m AHD through wet and dry periods. He 
agreed with Laycock and others that the swamp is 
semi-perched on peat-sand layers and locally is above 
the regional groundwater surface. 


Herring Lagoon is the beginning of an artificial canal 
constructed during the 1950s for conveying the rutile 
sand across Eighteen Mile Swamp from the frontal 
dunes (e.g. Muller, 1982). Water levels in Herring 
Lagoon are commonly around 3.5 to 4.2 m AHD and 
show a similar variation to two nearby groundwater 
observation bores, reflecting connectivity, but they 
also reflect responses to rainfall, runoff, streamflow 
and pumping. Seepage from the high dunes to the 
swamp typically arrives with a noticeable lag after 
rainfall events (Specht, 2007). 


CONCLUSIONS 

The large sand mass of North Stradbroke Island has 
a wide range of geomorphological features as well 
as variable physical properties at the surface and 
internally. All of these features combined with rainfall 
distribution result in a wide range of surface and 
groundwater bodies. Although the dominant water 
feature of the island is the regional groundwater body 
(i.e. the saturated zone), connectivity of it with the 
ground surface varies both spatially and temporally. 
This connection is influenced largely by changes 
in rainfall, water extraction and water relocation. 
Because of the overall high permeability of this sand 
mass and the connectivity of the various waters, the 
island should be considered as one complex and 
dynamic hydrological system. To this extent it is a 
“living” system. 


As an approach to better understand the formation 
and processes of the surface water features, we have 
considered them as three groups, based largely on 
surface geomorphology: (a) high elevation discharge, 
(b) low elevation discharge, and (c) coastal seepage 
discharge features. The Type A features, typically 
lakes, tend to be perched but “leaky” and above the 
regional water table, although some are near to it, 
or connected after heavy rainfall periods. Although 
surface topography (e.g. catchments/basins) can 
be used as a guide to the hydrology of these water 
features, in many cases the subsurface perching layers 
extend beyond the surface “catchment” boundaries. 
Type B features tend to be perennial discharging 
flows such as creeks and some lakes, with a major 
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component being from the regional groundwater 
body. The Type C features are typically seepages and 
wetlands around the peripheries of the island and are 
mostly regional groundwater discharges, but some 
have locally perched water, and in some locations 
have a tidal influence. 


We use a visualisation approach to show the type and 
location of the surface water features and to relate 
this to their setting and implications for groundwater 
connection, and the degree of that connectivity. Other 
papers in this volume discuss the significance in 
the range and importance of ecosystems associated 
with these surface water features. The hydrological 
framework described here supports the view that 
the total water balance needs to be considered in the 
management of this complex water system. This 1s 
especially the case as demands on the groundwater 
resource will continue, if not increase, over time. In 
this context, it is obvious that the effects of climatic 
factors such as seasonal rainfall and prolonged dry 
periods are important factors to be monitored. 
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North Stradbroke Island is a large sand mass that hosts a highly significant resource of fresh 
groundwater that is utilised for on-island supplies and piped to the mainland, plus is also used within 
sand mining operations. The regional groundwater body is recharged by local rainfall and also provides 
an important source of water to a range of ecosystems. A feature of note is that the regional watertable 
in some locations is up to 80 m below the ground surface and in others intersects it and discharges as 
springs and seeps. The form, extent and variation of this water body have been difficult to define and 
represent using conventional graphical means. We utilise 3D visualisation of the island framework to 
display the spatial and temporal features of the water table, its relation to the surface water features and 
the character of the host sand aquifer. The visualisation model developed here does not incorporate the 
solid geometry of the sand mass but shows drillholes, their spatial distribution and the regional water 
table. Groundwater bore hydrographs are incorporated and clearly show that the main influence over 
groundwater levels is rainfall, and notably summer storms, and indicates a common lag of months (e.g. 
4-6 months) of water level response. However, short term hydrograph records also display the effects 
of mining operations, which can be spatially variable. Trends over a 40 year period are generally of a 
water level decrease, although some recovery is apparent from 2008. 
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INTRODUCTION 

The large sand mass of North Stradbroke Island 
(Minjerribah) is a dune-island barrier and forms the 
southeastern boundary of Moreton Bay in southeast 
Queensland. The island has a permanent population of 
around 3,500, based in several towns in the northern 
one-third. It is popular as a tourist and vacation 
destination and well over 200,000 people annually 
visit the island. A major feature of North Stradbroke 
is its large fresh groundwater resource. Due to the 
overall high permeability of the sands forming the 
island the rate of infiltration of rainfall is high, and 
there is relatively little runoff even during periods 
of high intensity rainfall (Laycock, 1975a, 1975b). 
There are, however, numerous lake systems that 
are mostly perched on low permeability material on 
valley floors and local depressions, plus a number of 
flowing streams on the low-lying fringes of the island 
(see Cox et al., 2011). The island is mostly covered 
by eucalypt woodland with areas of heath in wetter 
locations, and low bushland and mangroves around 
the coastal fringes. 


There 1s a close relationship between groundwater and 
surface water, however, this is highly variable spatially 
and temporally. The island has a regional groundwater 


body, the surface of which occurs at different depths, 
which can vary substantially in response to rainfall. 
The main aquifer recharge mechanism is by infiltration 
of rainfall through the sands; however, in some areas 
this is complicated by slower leakage from shallow 
surface and groundwater systems perched above the 
regional groundwater table. Locally recharge can 
also be artificially enhanced in the vicinity of mining 
dredge ponds and tailings deposition areas where 
natural vegetation and indurated layers have been 
removed. The island as a whole acts as a connected 
hydrologic system, with components of inflow, storage 
and outflow, and therefore is a system with a definable 
water budget. 


Although the groundwater resource is substantial, it 
is also finite as it is derived from local rainfall; as a 
consequence, the resource is susceptible to extended 
dry periods with little rain and to unmanaged use. 
Important to this system are the processes which 
influence recharge and discharge, and the competing 
needs for the groundwater: water supply abstraction, 
mining operation use, sustainability of wetlands, 
ecosystems and vegetation, and the maintenance of 
a natural discharge to balance seawater intrusion. To 
display the parameters of the groundwater resource 
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FIG. 1. North Stradbroke Island with shading representing topography, showing main roads, towns and geographic features. 
Elevation as metres above sea level is shown on scale bar. 
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we here use a 3D visualisation approach to provide 
a holistic perspective. This is based on the GVS 
visualisation package (Groundwater Visualisation 
System; James et al., 2009) which integrates existing 
data within a 3D framework. The GVS software 
enables interactive examination of the visual model, 
plus animation of time series data within a PC 
environment. For this paper we use selected screen 
shots of both 2D and 3D images to display features of 
the island’s water systems. 


PHYSICAL SETTING AND CLIMATE 

CLIMATE AND RAINFALL 

The Moreton Bay region experiences a subtropical 
climate with highly variable annual rainfall. Mean 
daily temperatures are in the order of 15°—29°C in 
summer, and 9°—20°C in winter. Average annual 
rainfall (Bureau of Meteorology) varies with position 
on the island and is shown to be 1,706 mm a" at Point 
Lookout (for 1947-1999 this was 1677 mm), 1,662 
mm a! at Dunwich and 1,523 mm a’ at Couran Cove 
on the smaller South Stradbroke Island. The rainfall 
of North Stradbroke Island is significantly higher than 
the mean annual rainfall for the adjacent mainland 
area at Cleveland (1,272 mm a’). 


A synthetic historical climate data set was obtained for 
a site located in the central area of North Stradbroke 
Island (Latitude 27.50°, Longitude 153.45°), using the 
DERM SILO Data Drill facility. The average annual 
rainfall at this site is 1,645 mm; of note, the lowest 
recorded annual rainfall for the site is 671 mm for 1902. 
Mean annual pan evaporation for North Stradbroke 
Island is 1,498 mm. There are distinct wet and dry 
seasons on the island, with 66% of the average rainfall 
occurring during the period December through May. 
On average, the wettest months are January through 
March, when 37% of average annual rainfall occurs 
typically as summer storms. 


GEOMORPHOLOGY AND SOILS 

North Stradbroke Island has a land area of 
approximately 275 km? and extends 37 km in a north- 
south direction, with a maximum width around 11 km 
in the north. The sand mass of the island is formed 
of transgressive, onlapping parabolic dunes which 
generally become younger towards the east. The large 
sand dunes commonly reach 75 m above sea level anda 
maximum elevation of 219 m at Mt Hardgrave (Bippo 
Oyerpunya) near the centre of the island (Figure 1). 
The eastern coastline itself is a dynamic ocean beach, 
behind which are peat wetlands forming the 26 km 





long Eighteen Mile Swamp; within this, Freshwater 
Creek flows southward to discharge into Swan Bay. 
On the western side, the shoreline reflects the lower 
energy depositional environment of Moreton Bay 
commonly with tidal muds and mangroves. 


The low-lying peripheral areas of the island have 
been substantially impacted by sea level variations, 
which was around 1.5 m higher than present 6,000- 
6,500 years ago, falling to current levels around 
3,500 years ago (Flood and Grant, 1984; Flood et 
al. 1986). A major feature of the island is the steep 
vegetated escarpment on the eastern flank of the main 
dunes, behind the coastal peat swamps, and which is 
considered to be a wave-cut feature. 


The older dunes have distinct A- and B-horizons that 
are more uniform and thicker. As younger dune systems 
overlie and bury previous erosion surfaces, layers of 
precipitated organic complexes, and bands of hard iron 
oxides form as a result of weathering. Thompson and 
Ward (1975) note that profile development of podzols 
increases with age of parent sands, and ranges from < 
60 cm to ‘giant podzols’ of > 15 m on old dune sands. 
In many locations a black organic rich B-horizon has 
developed, which can be cemented and is referred 
to as ‘coffee rock’ or as ‘indurated sands’ where 
hard (Thompson et al., 1996). Indurated horizons 
are common features in otherwise unconsolidated 
Quaternary age sand deposits in many areas around the 
Moreton Bay shoreline (e.g. Cox et al., 2002; Brooke 
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FIG. 2. Lenses of iron oxides within the sand mass displaying 
how they form a more resistant lower permeability layer 
(photo L. Leach). 
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FIG. 3. Morphology of the land surface and of the bedrock displayed as separate layers. Elevation in m above sea level is shown 
by colour coding; ground surface is contoured at 30 m and bedrock surface contoured at 10 m intervals. Both surfaces have a 
vertical exaggeration of 8 x. The bedrock surface, which also represents the base of the sand pile, suggests a palaeovalley running 


from northwest to central-east. 


et al., 2008). A deeper, unleached sand C-horizon also 
occurs on the island (Chen, 2003) and typically has a 
higher permeability than the B-horizons. At the surface 
and notably in local topographic lows, precipitation 
of organic complexes and vegetative litter together 
with fine grained sediments and solution deposits can 
produce layers of low permeability. 


Significant to the stabilisation and hydrology 
of many wetlands on the island are the coastal 
peat deposits, especially those in Eighteen Mile 
Swamp. Flood and Grant (1984) report drilling 
by Geological Survey of Queensland (J. Laycock, 
unpublished data) that showed two peat horizons. 
The upper horizon supports the current freshwater 
swamp and is variable, possibly around 4 m thick; 


a lower, older layer around 10 m below this (-10 m 
AHD) is around 6 m thick. 


GEOLOGY 

The surficial geology of North Stradbroke Island 
is dominated by unconsolidated Quaternary age 
sediments (< 2.6 Ma), forming large and extensive 
dunes of siliceous sands. Beneath these Quaternary 
sediments is a basement of Mesozoic age sedimentary 
and volcanic rocks, and a small area of Palaeozoic 
age metamorphic rocks and metasediments (e.g. 
Cranfield et al., 1976; Department of Mines, 
Queensland Government, 1986; Willmott and 
Stevens, 1992). The bedrock layer has an overall dip 
to the east, but locally variable morphology (Figure 
3), and is exposed in a number of locations on the 


NORTH STRADBROKE ISLAND 3D HYDROLOGY: GROUNDWATER SYSTEMS OVERVIEW 69 


island. Bedrock exposures occur at (a) Dunwich, in 
the central-west, where medium- to coarse-grained 
sandstones of the Mesozoic age Ipswich Coal Measures 
crop out; (b) Point Lookout area, northeast, where 
Mesozoic age felsic volcanics (including rhyolitic 
tuffs and flow banded rhyolites) crop out in four zones 
and form steep cliffs; and (c) adjacent to Canaipa 
Point on Russell Island, in the southwest, where there 
isa small outcrop of Palaeozoic age greenstones of the 
Rocksberg Greenstone. 


The dune systems are aligned with distinct northwest- 
southeast axes across the island, as result of the 
predominant southeasterly winds. The numerous 
individual or coalesced parabolic dunes onlap each 
other, and become generally younger from west to east. 
All indications are that the dune systems have formed 
over geological time under different climatic and sea 
level regimes (e.g. Ward, 1978; Kelley and Baker, 
1984; Stock, 1990; Stephens, 1992: Willmott and 
Stevens, 1992). Kelley and Baker (1984) documented 
a four-fold system of morpho-stratigraphic units for 
the transgressive dunes, similar to a scheme reported 
by McMillan et al. (1984). These episodes result in 
variations of physical properties within the sand mass 
and are summarised as: pre-last interglacial times 
possibly > 215,000 years ago; just prior to and during 
a high sea level 120,000 to 135,000 years ago; just 
prior to and during a high sea level 105,000 years ago; 
and during the Holocene associated with the Holocene 
Marine Transgression (6,000 years ago). 


The oldest dune systems form the northern and 
central core of the island, and the highest areas; 
dunes of the middle periods occur in the western 
parts, and more recent dunes occur in the eastern 
sections and also form the southern part of the 
island. The oldest dune sand deposits consist of 
fine to medium grained quartz sand with minor 
peaty layers, ironstone bands and carbonaceous 
sand rock (Laycock 1975a). These sands range 
in colour through red, yellow, grey, and white to 
black, indicating in situ weathering of iron-bearing 
minerals within sand profiles over time. Laycock 
(1978) reported that grain-size distribution analysis 
of samples from bores drilled to bedrock, indicates 
marked similarity at all levels; he concluded that 
all the sand mass above the bedrock surface is 
of aeolian origin. He also noted that gravel was 
detected in one bore on the eastern coast. Very hard 
bands of iron oxides to 2-3 cm thick are exposed in 
some eroded dune faces, and sub-rounded pebbles 





FIG. 4. Enterprise Mine dredge pond in mid-2007 looking 
to north showing variations of sand in the face. The exposed 
face is around 80 m in height. Water in the pond is introduced 
and at this time was over 30 m above the regional water table 
(photo M. Cox). 


of sandstone are retrieved from floating dredges in 
mine pits, including the current Enterprise Mine. 
The above variations in sand mass character are 
readily observed on the walls of the Enterprise open 
pit where there is over 80 m exposure (Figure 4). 


CHARACTER OF GROUNDWATER SYSTEMS 

HYDROGEOLOGY 

The aquifers of the island generally consist of 
unconsolidated fine-grained sand with some 
intercalated layers of cemented sand and peat, of lower 
permeability. The sand aquifers are permeable and 
support moderate to large-scale yields from individual 
bores. Sand deposits generally extend below mean 
sea level and peripheral to the island are in hydraulic 
connection with the sea. The landward migration 
of seawater is hydrodynamically balanced by fresh 
groundwater outflow to the coastline, maintained by 
the hydraulic head within the sand mass. 


The regional groundwater body on North 
Stradbroke Island is described as being lenticular 
in shape (Laycock, 1978; Chen, 2003; EHA, 
2005), which is confirmed in this study (Figure 
5). Importantly, for the groundwater resource, the 
island is not underlain by saline water saturated 
rocks as is the case with many oceanic islands. 
In addition, as the base of the aquifer is at a 
relatively shallow depth, and on a bedrock of low 
permeability, the seawater-freshwater interface 
occurs at some distance out from the shoreline. 
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FIG. 5. Oblique view of North Stradbroke Island showing main groundwater drillholes (blue: RCC abstraction bores; red: 
DERM and mine monitoring bores). Relative depths of bores are shown. The figure has a vertical exaggeration of 10 x. Blue 
zone 1s the extrapolated surface of the regional groundwater body (August, 1997) showing the general mounding in the central 
zone produced by recharge. The shading on the scale bar shows “standing water level” in metres above sea level. 


Another geological feature and control over groundwater 
movement is the shape of the bedrock surface that 
underlies the sand mass. The weathered bedrock surface 
is highly variable and ranges in elevation from around 
90 m above sea level in outcropping areas at Dunwich 
and Point Lookout, to greater than 80 m below sea level 
on the eastern coast (Figure 2 and 9). This surface also 
includes some narrow and deeply incised paleochannels 
in the north of the island. 


As with most sand islands, groundwater loss from 
the regional groundwater system occurs through: 


subsurface aquifer throughflow to the sea; surface 
discharge and evapotranspiration to major coastal 
wetlands; surface discharge to perennial streams; 
evapotranspiration from vegetation in lower elevation 
areas; evaporation from regional watertable window 
lakes; and groundwater abstraction. 


A common feature of the hydrogeology of many 
large sand islands is the development of groundwater 
systems perched on indurated sand layers (e.g. 
Hodgkinson et al., 2007; Brooke et al., 2008; Cox and 
Labadz, 2008). These perched groundwater systems 
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often support various local GDEs (groundwater 
dependent ecosystems) including streams, lakes and 
wetlands, and various conditions have been proposed 
that produce the perching (e.g. Laycock, 1975a; James, 
1984). This aspect is discussed in the accompanying 
paper (Cox et al., 2011). 


SUMMARY OF GROUNDWATER MODELS 
FOR NORTH STRADBROKE ISLAND 

A number of groundwater models of North Stradbroke 
Island have been produced for specific purposes 
or for certain areas, some of which have artificial 
boundaries. The models include government and 
private sector reports and are for water resources as 
well as mining operations. The first major study of 
groundwater on North Stradbroke Island was Laycock 
(1975a); examples of other studies are Watermark 
Numerical Computing (1998) and Werner (1999). 
A numerical groundwater model was developed 
by Chen (2003) from 1999 to 2002 using the finite 
difference Modflow code; a summary publication 
was also presented (Chen, 2002). This work by 
Chen was the first whole-of-island groundwater flow 
model for North Stradbroke Island that attempted to 
integrate existing data for the 40 year period 1960 to 
1999. The model was a substantial achievement, but 
was challenged by gaps in required data. 


The Chen (2003) model developed for the regional 
aquifer is based on a single layered model with 
a grid of 200 rows and 75 columns, and uses 
uniformly sized square cells (200 m x 200 m). It 
considered an unconfined sand aquifer overlain 


by a number of smaller perched aquifers/layers 
that are mostly located near the coastline (e.g. 
Eighteen Mile Swamp) and within topographic 
depressions where surface water has accumulated 
(e.g. Brown Lake). The model developed can 
simulate the flow of groundwater in the regional 
basal aquifer, and can simulate changes in the 
surface of the watertable (the top of the saturated 
zone). The model (Chen, 2003) was developed as 
a ‘steady state model’ for calibration of hydraulic 
conductivities. To improve the average fit of the 
simulated water levels, Chen applied a technique he 
called ‘steady-state to transient correction’ which 
fine-tunes these calibrations and enables the model 
to run in transient mode to simulate water levels. 


Additional reports in 2005 (EHA 2005) reviewed 
aspects of island hydrogeology and existing modelling, 
plus developed predictions applying different rainfall 
and extraction scenarios. Those studies were directed to 
water resource abstraction; other investigations, as well 
as internal reports, have been produced for the mining 
operations. Since that time, further drilling and testing 
of groundwater has been conducted on North Stradbroke 
Island. Based on this and new monitoring data there have 
been additions and upgrades to the groundwater flow 
model developed by the Department of Environment 
and Resource Management (L. Leach and M. Gallagher, 
pers comm., 2010; Leach, 2011). Other studies have 
been directed to coastal groundwater processes and 
the potential for transport of dissolved species, such 
as nutrients and iron, to the marine environment (e.g. 
Pointon et al., 2003; Gibbes et al., 2008). 


TABLE 1. Physico-chemical character of groundwater on North Stradbroke Island 


Shallow coastal Regional aquifer 
Electrical conductivity (uS cm!) 200 to 500 > 500 high extraction 60 to 200 


pH 5.0 to 6.0 5.5 to 7.0 
some 4.5 to 5.0 


Temperature (°C) 23.0 to 24.5 21.0 to 23.0 


Dissolved oxygen (mg L") 1.5 to 3.0 3.0 to 5.0 
deeper bores > 5.0 


mostly positive 


Redox (Eh) mostly negative 
(mV) (e.g. - 20 to - 120) 


common 20 to 40 





(e.g. + 50 to +250) 
< 10 


Total Organic Carbon 
(mg L") 


some 55 to 67 


after Cox and Preda, 2002 
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TABLE 2. Grouping of regional groundwater based on major ions 
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In parallel to the above, we have used an approach 
based on 3D visualisation to better understand the 
hydrogeology and processes of North Stradbroke as an 
example of a large sand mass. This visualisation model 
expands on an earlier report (Cox et al., 2009a). The 
visualisation package GVS (Groundwater Visualisation 
System) uses existing data within a 3D framework and 
can also animate time series data such as water levels 
(e.g. Cox et al., 2009b; James et al., 2009). We have 
captured selected screen shots of both 2D and 3D 
images to display features of the island water systems. 
The visualisation model presented here is “hollow” 
in that it does not have the solid geometry of the sand 
mass, but emphasis has been given to surface features, 
the distribution of drillholes and groundwater levels. 


GROUNDWATER CHEMICAL CHARACTER 
AND QUALITY 

For the main regional aquifer, the groundwater 
is fresh and slightly acidic, however, for many 
shallow groundwaters, pH ranges from neutral to 
strongly acidic, and salinity is highly variable. These 
groundwaters include those associated with wetlands 
developed over perching layers, and connected to the 
dark brown waters (‘black water’) caused by dissolved 
organic matter such as humic, fulvic and tannic acids. 
Those waters commonly have pH from 3.5 to 4.5, but 
are usually very fresh. Within the immediate coastal 
fringe, there is a high degree of dynamic interaction 
between groundwater and surface water, and a wide 
range of physico-chemical properties including salinity. 
These coastal settings can be complex hydrologically 
with variable scale systems in close proximity. In 
some areas of black muds local groundwaters can be 
acid, very saline and contain high SO, ions. 


Groundwater within the unconfined aquifers of the 
sand mass is derived from rainfall-sourced recharge. 
(It does not, as suggested by common urban myth, 
come from Toowoomba or from Papua New Guinea). 


AS a consequence, most of the deeper bores produce 
groundwater that is surprisingly fresh with a typical 
salinity of 100 to 150 mg L" total dissolved salts (or 
150 to 220 uS cm"! EC). This water is slightly acid 
with a pH around 5.5 to 6.5, largely due to CO, in 
the atmosphere producing a rainfall pH around 5.5 
to 6.0, and due to CO, in soils through which the 
rainfall infiltrates. These groundwaters usually are of 
a Na-Cl chemical type, due to these main ions within 
cyclic salts of seaspray being combined in rainfall. 
The physico-chemical properties of two common 
groundwater types are summarised in Table 1. 


Although the main regional aquifer groundwaters 
are of low salinity and tend to be of Na-Cl 
composition, they have a subtle range of chemical 
types shown by variations in major ions and 
selected minor ions, due to local and hydrological 
processes. Hierarchical cluster analysis of limited 
groundwater chemical data shows the following 
groups based on the 29 bores shown in Figure 4 
compared to typical seawater: 


Cluster 1: represents the “typical” regional groundwater 
body, with a low pH which reflects the rapid recharge, 
and shows similar cation ratios to seawater which 
confirms the strong influence of oceanic spray in 
coastal rainfall. 


Cluster 2: represents windward recharge on the east 
and northeast, with higher pH and relatively higher 
Ca and HCO, concentrations showing some influence 
of carbonates (shells) in the sand mass. The TDS is 
also higher. 


Cluster 3: represents leeward rainfall recharge with 
an orographic effect resulting in lower Cl and TDS; 
Ca is elevated relative to Na, and HCO,/CI is elevated 
indicating influence of carbonate material in the sands 
of the older dunes here. 
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FIG. 6. Plan view of locations of registered groundwater bores on North Stradbroke Island. Also shown are groupings of 
groundwater based on chemical character (Table 2). 
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FIG. 7. Nested monitoring bores near to outlet of Blue Lake; 
road is just above bank of Freshwater Creek to the left 
(photo M. Cox). 


Nitrate is not detected in most deep bores, but many 
shallow bores (usually coastal communities) have very 
low levels of NO, (e.g. < 0.20 mg L") and some are > 
0.20 mg L"; elevated values occur in areas of septic 
systems (>> 5.0 mg L"). Phosphate (PO,) is mostly 
not detected, but was measured in some samples (< 
0.5 mg L’') from anthropogenic sources (e.g. landfill, 
septic systems). Groundwater samples near the diesel 
spill at Amity junction have elevated NO, SO, and Fe. 
Some bores in coastal zones, especially proximal to 
swamps have with elevated SO, . 


Surface waters (lakes and trenches) on North 
Stradbroke Island are all similar chemically (e.g. 
Cox et al., 1996; WBM, 2000), and are of Na-Cl 
type, typically with EC of 50 to 75 uScm' (Herring 
Lagoon slightly higher at 90 uS cm) and pH 4.7 
to 5.1 (Herring Lagoon at 5.5). These values all 
reflect the source of water being rainfall, local 
runoff and groundwater seepage. Compared to North 
Stradbroke Island, on Bribie Island there are similar 
groundwater chemical types (e.g. Harbison and Cox, 
1998: Armstrong and Cox, 2002), however, with less 
development of both Ca and HCO,; this may reflect 
a greater degree of development of the weathered 
profile on North Stradbroke Island, but is often related 
to shell material. It was noted that for Bribie Island, a 
logarithmic plot of Na versus Cl (in mg L"') shows that 
the ratio of these two major ions is constant, which 
confirms local recharge of Na-Cl type precipitation 
and limited ion-exchange reactions. 


Data for Blue Lake and Brown Lake in 1998 (Horrocks 
and Semple, 1998) showed that both lakes are low in 


nitrogen and phosphorus, and comparable with the 
Eighteen Mile Swamp data. Brown Lake, however, 
had significantly higher nitrogen than Blue Lake, 
with values in the vicinity of 0.50 mg L" total N in 
comparison to the very low values of 0.10 mg L" at 
Blue Lake. This result corresponds with a relatively 
high concentration of chlorophyll and high turbidity 
at Brown Lake. A series of surface samples from 
lakes and lagoons along the western side of Eighteen 
Mile Swamp during November 2005 to January 2006 
(Specht, 2007) display a typical acid, low-nutrient 
body of water. The high nitrogen and phosphorus 
concentration near Palm Lagoon further south, was 
the result of vegetation decay processes related to a 
change in water status in the area. 


GROUNDWATER RESOURCE AND USE 

North Stradbroke Island is a declared subartesian area 
proclaimed under Queensland’s Water Regulation 
2002. Reported estimates for North Stradbroke 
Island’s groundwater volume vary, but the following 
are representative (L. Leach, writ. comm., 2008) 
based on 2007 data: total volume of sand 24.82 x 10° 
m?; total volume of saturated sand 12.79 x 10° m’; 
total volume of fresh groundwater 2.81 x 10° m? of 
which around 25% is above sea level. Estimates of 
the overall groundwater recharge to the island is in the 
order of 140,000 to 166,000 ML a" (Laycock, 1975a; 
L. Leach, writ. comm., 2008). The total surface 
water discharge from obvious surface flows falls 
between 52,925 to 71,175 ML a’. The average loss 
to the coastline via Freshwater Creek (Eighteen Mile 
Swamp) and the frontal dunes has been estimated in 
the order of 45,000 ML a’; discharge from Blue Lake 
to Eighteen Mile Swamp has been estimated at 1.5 
ML a'!. The current gross extraction of ground and 
surface water is around 20 x 10° m? a! (20 ML d’), 
based on 1999-2000 data provided by Redland City 
Council (RCC) and Consolidated Rutile Ltd (CRL). 
Estimates of the overall groundwater pumping yield 
of North Stradbroke Island in the order of 100,000 to 
150,000 ML a' appear to be reasonable. 


There have been many changes in groundwater resource 
management on the island from 2005 to 2010, as a 
result of long term drought, then the commencement of 
heavy rains in early 2009, and the associated changes 
in government management strategies. During 2006- 
2007, a proposal was released by the Queensland 
Government for an increased extraction of 22 ML d! 
of groundwater from a new borefield for export to the 
mainland. Groundwater would be pumped via a pipeline 
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into the southeast Queensland regional water grid. The 
location of the proposed borefield was to be 2 to 5 km 
east of Dunwich, with around fourteen new bores. 


This scheme caused much local concern and as a 
result numerous further studies including groundwater 
modelling were conducted. The plan did not continue 
due to the onset of summer storms in late 2008 and the 
end of the drought (see Figure 12). During this period 
management of the groundwater resource by the local 
Redland City Council (RCC) was taken over by the 
state government Queensland Bulk Water Supply 
Authority (as Seqwater). 


Currently the main extraction of quality fresh 
groundwater and connected surface water (Herring 
Lagoon) is largely by: 

a. Seqwater to supply the island’s population, 
largely the Dunwich, Point Lookout and Amity 
communities. 

b. Seqwater to export to adjacent small Bay islands 
and to the mainland supply. The water is treated 
on-island and transported via a pipeline near to 
Canaipa Point on Russell Island. 

c. Sibelco and associated companies for mining and 
quarrying operations on the island. 


In summary, approximately 111,780 ML a" are presently 
(2007) entitled to be taken from North Stradbroke Island. 
Of this around 80% is used in sand mining operations, 
most of which eventually recharges the subsurface. 
Seqwater (previously conducted by RCC) are authorised 
to extract and export 12,775 ML a' of surface water 
and 8,250 ML a’ of groundwater. The average annual 
extraction by RCC between 1993 and 2007 from Herring 
Lagoon was 3,853 ML; the average annual groundwater 
extraction by RCC from the borefield (15 large capacity 
bores) between 1997 and 2007 was 7,220 ML. The 
groundwater allocation for town water supply for on- 
island communities is 1,450 ML a’. 


The deepest water supply bore in the borefield is RCC #7 
(RN79914), with a casing and screen of 225 mm diameter, 
the screen at 135 m depth, and when drilled a standing water 
level of 91 m depth. Depths of these production bores are 
typically 175-200 m and groundwater is usually extracted 
from depths on the order of 50-90 m below ground 
surface. Sibelco (as CRL) in 2008 had 14 licensed bores in 
its Yarraman Mine production area, which range in depth 
from 84 to 117 m (average depth 102 m). There were 15 
licensed bores at the Enterprise Mine production area with 
a depth range from 30 to 71 m (average around 51 m). The 


majority of the water pumped from the mine borefields 
is used in the mining operations and largely returns to 
the regional aquifer via direct seepage. This infiltration is 
through the base and sides of the dredge ponds, as well 
as via seepage through the sand tailings deposited away 
from the dredge pit. Some water, estimated by Sibelco 
to be around 1%, is lost via evaporation from the dredge 
ponds and tailings dams, however, these processes have 
not been quantified. 


Although the island is a declared groundwater area 
proclaimed under the Water Act 2000 (Qld) water 
licences are not required for domestic and stock use, 
typically bores of < 6 m depth, and some private 
landholders have small capacity bores or spears, mostly 
in coastal areas, for example at Amity township. At 
higher elevations the depth to groundwater precludes 
small scale groundwater use. 





FIG. 8. Top: Well head facility for water supply bore RCC #8. 
Bottom: large downhole submersible pump removed for 
servicing. Note flexible casing to extract water, and power 
cable to drive pump (photos M. Cox). 
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GROUNDWATER BODY AND PROCESSES 

REGIONAL GROUNDWATER BODY 

Hydraulic conductivities of the unconsolidated 
materials of these large sand islands can vary from 
low values such as 0.5 m/day for layers that are clay- 
rich, or have humic content or chemical precipitates 
such as iron oxides, to 30-50 md"! for well sorted dune 
sands (e.g. Harbison and Cox, 1998; Guard, 2000; 
Armstrong, 2006). Due to this porous nature of the 
sand mass, and the rapid rate of recharge a distinct 
groundwater mound has formed in the regional 
groundwater body (Figure 5). Laycock (1975a) 
observed this mound and that it extended along the 
axis of the island; he noted that it reached a maximum 
elevation of approximately 60 m AHD in the central- 
north of the island, centred on Mt Hardgrave. Chen 


(2003) considered that the mound probably did not 
exceed 50 m AHD. A result of this recharge-produced 
feature is a general radial pattern of groundwater flow 
outwards from the central areas of the island towards 
the coast. The elongate mound substantially decreases 
in width and height southward in the island. 


Due to the high relief of the dunes, the thickness of 
the unsaturated (vadose) zone varies greatly with 
location and so the recharge pattern will also vary 
spatially. This unsaturated layer is thickest under the 
main dunes, and thins towards the coastline. In the 
thickest zones, infiltration of rainfall and downward 
percolation will be affected by unsaturated flow 
hydrodynamics. The depth of the regional watertable 
can be up to 80 m, and over 100 m in the high dunes. 
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FIG. 9. Cross sections though North Stradbroke Island, locations shown in inset. Sections have a vertical exaggeration of 10 


x and all display: ground surface and surface of bedrock, the blue line is the surface of the regional groundwater body, the 
straight line is mean sea level for reference. The water level is for August, 1997, for which there was a good data set. 
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Due to this vadose zone thickness and to marked local 
variations of hydraulic conductivity within the sand 
mass, there can be a substantial lag time between 
rainfall events and recharge of the regional aquifer as 
evidenced by hydrograph data (Figure 12). 


Such lag times can be in the order of months (Chen, 
2002; 2003). For about 60% of North Stradbroke Island 
the vadose zone is typically 25-125 m thick, which 
indicates very high potential for time delay and peak-flow 
attenuation for natural recharge events. Such processes 
are recorded elsewhere, for example, significant changes 
in hydraulic conductivities have also been found in the 
Botany Sands aquifer in Sydney (Jankowski and Beck, 
2000) due to variable lithological layers; in that case on 
a regional scale the aquifer is treated as homogeneous 
and isotropic, but on a local scale (10’s m) is notable 
heterogeneous and anisotropic. 


Various assumptions need to be made in the 
development of conceptual models prior to producing 
predictive numerical models, for example, in relation 
to the major lakes. For Brown Lake it is taken to be 
connected to a locally perched aquifer, with probable 
leakage from the perched aquifer to the regional aquifer. 
For Blue Lake, it is assumed that water levels fluctuate 
quickly in response to individual rainfall events and 
groundwater levels, and that the lake behaves like a 





FIG. 10. View of North Stradbroke Island in 3D (8 x vertical 
exaggeration) showing main surface water features, and 
mining operations. A satellite image (Spot 5) has been 
overlaid on the topographic surface. White areas (east coast, 
west coast, northwest, central west, and southeast) show the 
surface of the regional groundwater body intersecting the 
ground surface (i.e. discharging groundwater). 
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FIG. 11. Locations of the nine bores with hydrographs shown 
in Figure 12. Note that these bores are at various elevations. 


natural weir and is a window to the regional water table. 
Many such assumptions, can be confirmed by use of 3D 
visualisation models and animation of time series data. 


Mapping of the regional watertable requires some 
interpolation between bores, due to gaps in data both 
spatially and temporally, especially towards the coasts 
and in the south of the island. Major morphological 
features of the island and the relationship of the 
regional water table are indicated in cross-sections 
(Figure 9). For example, A: the water table intersects 
the surface at Amity Swamp, and the bedrock 
outcrops in the east; B: in the west the water table is 
below Brown Lake, and in the east cuts the base of 
the scarp, the perched water body of Brown Lake is 
also shown; C: in the east the water table intersects 
Blue Lake and the dune scarp, in the west the water 
surface 1s deep (the flatness is in part due to lack of 
data); D: the water table nears the surface at Blakely- 
Shag Lagoons in the west, and discharges near 
Herring Lagoon in the east; E: water table intersects 
the surface in the Little Canalpin area, and the scarp 
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in the east; F: groundwater discharges into Eighteen 
Mile Swamp. The overall mounding of the regional 
groundwater body is indicated. 


The oblique image in Figure 10 is captured from the 
GVS visualisation, and clearly displays the major 
morphological feature of the dune scarp behind the 
Eighteen Mile Swamp. An internal component of the 3D 
visualisation is the contoured surface of the regional water 
body which can be seen from various perspectives. As 
shown in Figure 9, that surface can be seen intersecting 
the ground surface in several locations. This visual model 
confirms the discharge of groundwater typically in low- 
lying areas, and notably into Eighteen Mile Swamp, and 
also into the Little Canalpin Swamp system. It is of note 
that the groundwater surface is shown to extend eastward 
into Eighteen Mile Swamp. 


RAINFALL DERIVED RECHARGE 

Groundwater hydrographs show water level 
changes over time, and some bores show a very 
clear correlation between the rainfall record and 
groundwater level behaviour. In Figure 12, nine 
bore hydrographs in different settings (Figure 
11) can be compared. All of the hydrographs 
considered are from bores established to monitor 
freshwater aquifers, and are connected to the 
regional groundwater body. Other bores have been 
established around the coastal fringes to test tidal 
influences or environmental aspects of groundwater 
quality, but are not considered here. 


Figure 12 displays a plot of bore hydrographs from 
the GVS visualisation software for the 40 year 
period from 1967 to February, 2011. The lower plot 
shows monthly rainfall in millimetres measured at 
Point Lookout. The recent severe dry period from 
around 1995 to 2008 is marked. The hydrograph 
plots show variations in groundwater levels and 
trends. Many earlier measurements were weekly, 
and in the later years some automated recorders 
were installed (#0009A, #0014A) to measure at 
short time intervals. The water levels shown are 
depths below ground surface in metres, and most 
are above sea level. 


In general terms the water levels of the late 1960’s 
reflect the wetter (higher rainfall) conditions at that 
time. There is a marked response to the high rainfalls 
of the La Nifia periods in 1972 to 1974, when there 
was a rapid rise in water levels of up to 10 m in 
some bores. Of note were the January 1974 floods 


of Brisbane. Following this, there was a recession 
period of 6-7 years to pre-storm water levels. A 
further high rainfall episode occurred in 1996, but is 
not generally reflected in the hydrographs. The severe 
storms, rainfall and flooding in southeast Queensland 
in summer 2010-2011 are not strongly reflected in the 
North Stradbroke Island data. 


The period from the early 1990’s to end of 2008, 
was in fact a period of prolonged low rainfall and 
was a declared drought; the drought broke in early 
2009. Long term records confirm that the most 
substantial recharge to the regional groundwater 
aquifer is typically a result of heavy summer storm 
rainfall. The other long term trend is of a decline in 
water levels to below those of the late 1960’s, and 
a recent recovery. 


Response of Hydrographs 

Hydrograph records from various bores are described 
here to demonstrate the different settings and types 
of conditions that can impact on groundwater 
locally. In the summary below, EC refers to electrical 
conductivity in uScm". 


14400047A: in the northern section of Freshwater 
Creek, water level around -1 m, shows a minor 
response to rainfall, common small scale response to 
other factors. Bore is near the shoreline, 55 m deep, 
screened at 3-33 m, and has an EC of 120-135. 


14400028A: adjacent to Freshwater Creek and near to 
Herring Lagoon, water level at -2 to -3 m, and below 
sea level, minor only response to rainfall, common 
small scale variations, water level appears to have risen 
over time. Bore is 31 m deep with EC of 480-590. 


14400008B: this bore is at Brown Lake, and has three 
pipes; this is apparently the perched water table and 
has been at a constant depth of around -4 to -5 m and 
shows a clear response to rainfall. The record from 
2003 is flat, and data may be questionable. Bore pipe 
B is 45 m deep, EC varies 120-300. 


14400014A: Fishermens Rd in the northeast near 
Yarraman Mine, water table around -30 m and clearly 
responds to rainfall recharge, particularly in 1974 with 
a rise of > 10 m and a slow recession over 5-6 years. 
May also be influenced by mining operation extraction 
from late 1990’s. Clear response to rainfall from 2008. 
Response to rainfall appears to have a delay of some 
4-6 months. EC around 180-200. 
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FIG. 12. Hydrographs of nine groundwater bores in different locations for the period May 1968 to February, 2011. 
Water levels are depth below ground surface (m). The lower plot is of monthly rainfall (mm) from Point Lookout. 


14400012A: in the northwest near Welsby Lagoons, 
water level around -40 m, similar trend to 14400014A, 
water level impacted by nearby water supply bore. The 
bore is in the dunes, 111 m deep, with EC of 60-115. 


14400074A: in the main seqwater (RCC) borefield, 
and reflects groundwater abstraction with a 
drawdown of around 12 m from early 1990’s to mid- 
2000’s; response to rainfall is masked by pumping. 
EC of 80-110. 


14400016A: just south of Dunwich, it has a water 
table at around -55 m depth. This bore strongly 
recharged in the 1974 rainfall events, and also in 
1996; the latter recharge was anomalous and enhanced 
by seepage from the dredge pond at Bayside Mine. 
Water levels in the 2000’s are affected by pumping. 
EC of 80-100. 


14400009A: close to the Enterprise mining operations, 
water levels around -70 m, and although there is clear 


response to rainfall there are strong influences from 
pumping, and also mine recharge (e.g. 1998-1999). 
Bore is 131 m deep, and EC is 120-160. 


79860A: central to the main borefield, water table 
drawdown from around -85 m in 1993 to -93 m in 
2007-2010; the plot also shows periods of pumping, 
plus recover from summer 2010-2011. 


CONCLUSIONS 

North Stradbroke Island is a large sand mass and hosts 
substantial supplies of fresh groundwater that are used 
both on the island and exported to the mainland. This 
groundwater is a finite resource and is sourced from 
rainfall that recharges the island’s aquifer systems. A 
feature not always considered is the high degree of 
connectivity between all the water features of the island, 
although there may be a delay in responses. The island 
therefore functions as a complex hydrological system both 
in its natural condition, and in response to modifications to 
its geological framework and its hydrological regime. 
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To better display this system and its hydrological 
features and functions we have used the GVS 
software package to develop a 3D visualisation of 
North Stradbroke Island. This visualisation enables 
a multi-perspective appreciation of the island, and 
shows surface and bedrock morphology, surface 
water features, the settings of local perched water 
bodies, and the regional (basal) groundwater body. 
The visualisation also displays the number and type 
of groundwater drillholes and their distribution. 
The use of animation within GVS demonstrates its 
effectiveness to represent spatial and temporal changes 
with adequate records of time series information, for 
example groundwater levels. 


It is obvious that the main influence over 
groundwater levels is rainfall, and notably summer 
storms. A detailed look at hydrographs compared to 
rainfall indicates a common lag of months (e.g. 4-6 
months) of water level response after significant 
rainfall events. However, short term hydrograph 
records display the effects of mining operations, 
which can be spatially variable and reflect lowered 
water levels from pumping, and also elevated levels 
from seepage recharge. Trends over a 40 year period 
are generally of a water level decrease, although 
some recovery is apparent from 2008. 


It is apparent that there is a high degree of connectivity 
within this hydrological system and that any substantial 
change to the groundwater regime locally can result in 
an impact elsewhere. Management of the groundwater 
resource needs to consider the competing uses such as 
abstraction for water supply, use by ecosystems, and 
the natural discharge. It is obvious that climatic factors 
such as seasonal rainfall, prolonged dry periods and 
severe storms need to be considered. The use of 3D 
visualisation allows integration of a range of data and 
information and enables an enhanced understanding 
of the island as a dynamic hydrological system. 


ACKNOWLEDGEMENTS 

We thank the Queensland Department of Environment 
and Resource Management (DERM) for access to 
groundwater records and monitoring data, in particular 
Leon Leach, Robert Ellis, Greg Long and Tad Bagdon 
for information and comments. We acknowledge the 
pioneering hydrogeological work on North Stradbroke 
Island by John W. Laycock, Geological Survey of 
Queensland and a proud Redlander. This paper is 
partially sourced from an unpublished report funded 
by DERM (Cox and Specht, in press). 


LITERATURE CITED 

ARMSTRONG, T.J. 2006. Aquifer properties and 
role of indurated layers in groundwater flow on 
Bribie Island. Master of Applied Science thesis, 
Queensland University of Technology, Brisbane. 

ARMSTRONG, TJ. & COX, M.E. 2002. The 
relationship between groundwater and surface 
water character and wetland habitats, Bribie Island, 
Queensland. In: “Balancing the Groundwater 
Budget” CD of Proceedings, 7" IAH National 
Groundwater Conference, Darwin, 12-17 May, 
2002, 7 pp. 

BROOKE, B., PREDA, M., LEE, R., COX, M., 
OLLEY, J., PIETSCH, T. & PRICE, D. 2008. 
Development, composition and age of indurated 
sand layers in the Late Quaternary coastal deposits 
of northern Moreton Bay, Queensland. Australian 
Journal of Earth Sciences, 55: 139-155. 

CHEN, D. 2002. Investigating the water balance at 
North Stradbroke Island with MODFLOW and 
PEST-ASP. CD of Proceedings, Symposium, 
International Association of Hydrogeologists, 
Darwin, 10 pp. 

CHEN, D. 2003. North Stradbroke Island Whole-of- 
Island Groundwater Management Model. Final 
Report 31 January, 2003, Department of Natural 
Resources and Mines, Brisbane, Australia. 

COX, M.E., HILLIER, J., FOSTER, L. & ELLIS, R. 
1996. Effects of a rapidly urbanising environment 
of groundwater, Brisbane, Queensland, Australia. 
Hydrogeology Journal, 4: 30-47. 

COX, M.E. & PREDA, M. 2002. Chapter 4. 
Groundwater influences. In Lyngbya Blooms in 
Eastern Moreton Bay Phase 1, Report by WBM 
Oceanics Australia for Moreton Bay Waterways 
and Catchments Partnership, p. 4-1 - 4-15. 

COX, M.E., PREDA, M. & HARBISON, J. 
2002. Importance of indurated sand layers to 
groundwater flow in Quaternary coastal settings, 
Moreton Bay. CD Conference Proceedings, 
International Association of Hydrogeologists, 
Darwin, Australia. 

COX, M.E. & LABADZ, M. 2008. Quaternary sandy 
aquifers bounding Moreton bay, SE Queensland, 
Australia: complex coastal hydrological systems. 
Proceedings of 36" [AH Congress, October, 2008, 
Toyama, Japan, Integrating Groundwater Science 
and Human Well-Being, 11 pp. 

COX, M., YOUNG, J., JAMES, A. & HAWKE, A. 
2009a. Visualisation of Groundwater Systems to 
Support Management. Application to a large sand 
island, Stradbroke Island Stage 1: Visualisation 


NORTH STRADBROKE ISLAND 3D HYDROLOGY: GROUNDWATER SYSTEMS OVERVIEW 8] 


model and database. QCIF Technology Diffusion 
Project Final Report, July, 2009, Brisbane, 45pp. 

COX, M., YOUNG, J., JAMES, A., HAWKE, 
A. & TODD, A. 2009b. Role of 3D visual 
conceptualisation of groundwater system models 
as a management support tool. First Australian 3D 
Hydrogeology Workshop, Geoscience Australia, 
Canberra, 31 Aug-1 Sept., 2009, 2 pp. 

COX, M. & SPECHT, A. (in press). Logan Basin Water 
Resource Plan, Southern Moreton Bay Islands, 
Technical Advisory Panel Report. (peer-reviewed 
scientific report for Queensland Department of 
Environment & Resource Management) 

COX, M.E., JAMES, A., HAWKE, A., SPECHT, 
A., RAIBER, M. & TAULIS, M. 2011. North 
Stradbroke Island 3D _ hydrology: surface 
water features, settings and groundwater links. 
Proceedings of the Royal Society of Queensland 
117: 47-64. 

CRANFIELD, L.C., SCHWARZBOCK, H. & DAY, 
R.W. 1976. Geology of the Ipswich and Brisbane 
1:250,000 Sheet areas. Geological Survey of 
Queensland, Department of Mines, REPORT 95. 

DEPARTMENT MINES QUEENSLAND 
GOVERNMENT, 1986. Brisbane Sheet 9543, 
Geological Survey of Queensland, 1:100,000 
scale geology map. 

EHA. 2005. Groundwater review of south east 
Queensland on-shore sandmass systems & sand 
islands. Draft North Stradbroke Island Report. 
Report by Environmental Hydrology Associates 
for Queensland Department of Natural Resources 
& Mines, 12 September, 2005, Report GW-05-18- 
REP-002 Rev A. 

FLOOD, P.G. & GRANT, B.P. 1984. Eighteen Mile 
Swamp: a modern back-barrier peat-forming 
environment, North Stradbroke Island. In, Coleman, 
R.J., Covacevich J. and Davies, P. (Eds) Focus on 
Stradbroke: new information on North Stradbroke 
Island and surrounding areas 1974-1985. Boolarong 
Publications, Brisbane, 132-135. 

FLOOD, P.G., GRANT, B.P. & FRANKEL, E. 
(1986) The origin of Eighteen Mile Swamp: a 
modern back-barrier peat-forming environment, 
North Stradbroke Island, southeast Queensland. 
pp. 131-140. In, Keene K. and Frankel, E. (Eds) 
Recent sediments in Eastern Australia—or 
marine through terrestrial. Geological Society of 
Australia, Sydney, 131-140. 

GIBBES, B., ROBINSON, C., CAREY, H., LI, L. & 
LOCKINGTON, D. (2008). Tidally driven pore 
water exchange in offshore intertidal sandbanks: 


Part I. Field measurements. Estuarine, Coastal and 
Shelf Science, 79: 121-132. 

GUARD, P. 2000. Hydraulic parameters of perching 
layers on sand islands. Bachelor of Engineering 
Thesis, Department of Civil Engineering, 
University of Queensland, Brisbane, unpub. 

HARBISON, JE. & COX, ME. 1998. General 
features of the occurrence of groundwater on 
Bribie Island, Moreton Bay. In: Tibbetts, I.R. and 
Hall, N.J. Moreton Bay and Catchment. School of 
Marine Science, The University of Queensland, 
Brisbane, 111-124. 

HODGKINSON, J., COX, M.E. & MCLOUGHLIN, 
S. 2007. Groundwater mixing in a sand-island 
freshwater lens: density-dependent flow and 
stratigraphic controls. Australian Journal of Earth 
Sciences, 54: 927-946. 

HORROCKS, J. & SEMPLE, P. 1998. South East 
Queensland Water Quality Monitoring Program. 
Redland Shire Waterways: Water Quality Study 
1998. Environmental Technical Report 42, 
Redland Shire Council. 

JAMES, P.M. 1984. Perched lakes and watertable 
windows — a note. Focus on Stradbroke. Royal 
Society of Queensland Symposium, North 
Stradbroke Island, 11-12 August, 1984, Boolarong 
Publications and Stradbroke Island Management 
Organisation, 146-147. 

JAMES, A., HAWKE, A., COX, M., YOUNG, J. 
& TODD, A. 2009. Groundwater Visualisation 
System (GVS): A software framework for 
developing low-end, scalable and robust software 
for 3D visualisation and animation of groundwater 
conceptual models. First Australian 3D 
Hydrogeology Workshop, Geoscience Australia, 
Canberra, 31 Aug-1 Sept., 2009, 2 pp. 

JANKOWSKI, J. & BECK, P. 2000. Aquifer 
heterogeneity: hydrogeological and hydrochemical 
properties of the Botany Sands aquifer and their 
impact on contaminant transport. Australian 
Journal of Earth Sciences, 47: 45-64. 

KELLEY, R.A.& BAKER, J. 1984. Focuson Stradbroke. 
Royal Society of Queensland Symposium, North 
Stradbroke Island, 11-12 August, 1984, Boolarong 
Publications and Stradbroke Island Management 
Organisation, 156-166. 

LAYCOCK, J.W. 1975a. North Stradbroke Island - 
Hydrogeological Report. Geological Survey of 
Queensland, Department of Mines, Report 88, 85 
pp + maps. 

LAYCOCK, J.W. 1975b. Hydrogeology of North 
Stradbroke Island. Proceedings of the Royal 


82 PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 


Society of Queensland, 86: 15-19. 

LAYCOCK, J.W. 1978. North Stradbroke Island, 
Papers Department of Geology, University of 
Queensland, 8: 89-96. 

MCMILLAN, R., SCOTT, J. & MOORE, D.E. 
1984. Mining on North Stradbroke Island — 
past, present and future. Focus on Stradbroke. 
Royal Society of Queensland Symposium, 
North Stradbroke Island, 11-12 August, 1984, 
Boolarong Publications and Stradbroke Island 
Management Organisation, 107-111. 

POINTON, S.M., MOODY, P.W., PREDA, M., COX, 
M., HEY, K.M., AHERN, C.R. & POWELL, 
B. 2003. Investigation of terrestrial sources of 
nutrients supporting Lyngbya majuscula growth 
in Moreton Bay - Land Sources. CD of published 
report Department of Natural Resources and Mines, 
Indooroopilly, Queensland, Australia. 205 pp. 

SPECHT, A. (Ed.) 2007. Biological monitoring of 
Eighteen Mile Swamp, North Stradbroke Island, 
2005/6. Centre for Coastal Management, Southern 
Cross University, for Redland Shire Council. 

STEPHENS, A.W. 1992. Geological evolution and 
earth resources of Moreton Bay. In: Crimp, O. 
eds. Moreton Bay in the Balance, Australian 
Littoral Society and Australian Marine Science 
Consortium, Brisbane, 3-23. 

STOCK, E.C. 1990. Relict parabolic dunes in eastern 


Australia: structure, formation and provenance. 
PhD Thesis, Griffith University, Brisbane. 

THOMPSON, C.H. & WARD, W.T. 1975. Soil 
Landscapes of North Stradbroke Island. Royal 
Society of Queensland. Proceedings of North 
Stradbroke Island Symposium, 86: 9-14. 

THOMPSON, C.H., BRIDGES, E.M. & JENKINS, 
D.A. 1996. Pans in humic podzols (Humods 
and Aquods) in coastal southern Queensland. 
Australian Journal of Soil Research, 34: 161-182. 

WARD, W.T. 1978. Notes on the origin of Stradbroke 
Island. Paper Department Geology, University of 
Queensland, 8, 97-104. 

WATERMARK NUMERICAL COMPUTING. 1998. 
Simulating the Interaction of the Yarraman Mine 
with the groundwater regime. Unpublished report, 
July, 1998. 

WBM. 2000. CRL Water Quality Classification — 
North Stradbroke Island Lagoons. Report by 
WBM Oceanics Australia for Consolidated Rutile 
Ltd, Brisbane. 

WERNER, A. 1999. Summary of computer models 
created for North Stradbroke Island investigations. 
Internal report, Resource Sciences and Knowledge, 
Dept Natural Resources, Brisbane, Queensland. 

WILLMOTT, W. & STEVENS, N. 1992. Rocks and 
Landscapes of Brisbane and Ipswich. Geological 
Society Australia, Brisbane, Queensland. 


NORTH STRADBROKE ISLAND 3D HYDROLOGY: GROUNDWATER SYSTEMS OVERVIEW 83 


AUTHOR PROFILES 

Dr Malcolm Cox is an Associate Professor in Faculty of Science & Technology, QUT, Brisbane. He is a Key 
Researcher in the QUT Institute for Sustainable Resources, and a CI in the Australian National Centre for 
Groundwater Research & Training. Cox has over 30 years international research experience in groundwater 
notably conceptual hydrogeological models and hydrochemistry. His experience covers much of the Pacific 
Basin and includes geothermal systems as well as water resources, groundwater and surface water interaction, 
coastal settings, and environmental geochemistry. In recent years he has led a group integrating geoscience and 
software development to produce 3D visualisation models of groundwater systems. 


Allan James is an IT specialist working with High Performance Computing and Research Support at Queensland 
University of Technology. Allan’s work is focused on developing software for interactive 2D and 3D visualisation 
and animation of scientific data, including 3D conceptual groundwater models of environmental data for 
community understanding, impact assessment, policy and management; software to support expert elicitation; 
and development of dynamic web-based systems for the capture, retrieval and display of data. 


Dr. Matthias Raiber completed his PhD on the study of groundwater and surface water resources and the spatial 
and temporal variability of groundwater recharge in the basalt plains of western Victoria in 2008. After completion 
of his PhD, Matthias worked as a groundwater scientist at the Institute of Geological and Nuclear Sciences 
(GNS Science) in New Zealand, where he used environmental tracers, statistical analysis of groundwater data 
sets and 3D geological modelling to investigate groundwater systems at the regional and national scale. Since 
July 2010, Matthias works as a postdoctoral research fellow at Queensland University of Technology and the 
National Centre for Groundwater Research and Training (NCGRT), where his work includes the development 
of a 3D geological model of the Clarence-Moreton Basin and the study of the impact of drought and episodic 
flood events on groundwater recharge to alluvial aquifers in southeast Queensland. 


Mauricio Taulis is an Environmental Engineer who specializes in Hydrogeology. He holds a Civil Engineer degree 
from Universidad de Chile, an ME (Natural Resources) from Lincoln University, and a PhD in Environmental 
Engineering from the University of Canterbury (New Zealand). Mauricio is interested in environmental issues 
related to both quantity and quality of water. He is particularly interested in addressing environmental related 
issues associated with full-scale groundwater abstraction in sedimentary basins (including Coal Seam Gas 
depressurisation operations). In addition, Mauricio’s modelling expertise spans from sanitary landfill hydrology 
to groundwater flow modelling. 


Amy Hawke holds a Bachelor of Mathematics and a Bachelor of Information Technology from QUT. She is 
currently working with High Performance Computing & Research Support and the Institute for Sustainable 
Resources at QUT on the development of the Groundwater Visualisation System. This has included building 
groundwater visualisation models at various locations primarily in Queensland as well as software development 
for the system. 


85 
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OF GROUNDWATER EXTRACTION FOR URBAN WATER SUPPLY ON BRIBIE 
ISLAND 


SMOLDERS, A., WATKINSON, A., EVANS, P., ARUNAKUMAREN, J., MACNISH, S. 


& KADEL, S. 


Groundwater resources on Bribie Island were mandated for additional development in 2006 as part of 
the Queensland Government’s Regional Drought Management Strategy. Subsequently, a production 
borefield and water treatment plant were constructed at Banksia Beach during 2007/2008 to supply po- 
table water to Bribie Island, and to augment supply to the South East Queensland region via connection 
to the water grid. An initial process of numerical groundwater flow modelling combined with analytical 
modelling of seawater intrusion was used to investigate the potential impacts of additional extraction 
of the island’s groundwater resources. A comprehensive monitoring program was then developed to 
ensure that groundwater extraction would not induce unacceptable landward movement of the sea- 
water interface, and prevent adverse impacts to groundwater dependent ecosystems to address State 
and Federal environmental regulatory requirements. To date, monitoring data indicate the response 
of the aquifer to extraction is in agreement with modelled predictions. Static water level across the 
northern borefield appears to maintain a positive relationship with rainfall, and these trends are likely 
to represent natural fluctuations in groundwater as the planned extraction volume has been significantly 
reduced during this period. Electrical conductivity data have demonstrated no discernible movement of 
the seawater interface since extraction began with observed fluctuations in EC of the shallow surface 
bores likely to be a result of local transport of salts with rainfall. The fluctuations in water levels across 
the monitored intermittently closed and open lagoon systems reflect natural variation due to runoff and 
marine influences and are not responsive to drawdown in the deep aquifer. Short-term changes in the 
key groundwater dependent ecosystems (GDEs) due to drawdown of the aquifer cannot be differenti- 
ated readily due to the natural variability of the ecosystems. The environmental monitoring program 
provides crucial feedback into the adaptive management strategy of the production borefield and water 
treatment plant (WTP) which helps safeguard the sustainability of the Bribie Island aquifer and associ- 
ated ecosystems. 


Andrew Smolders, Andrew Watkinson, Sean Kadel, Queensland Bulk Water Supply Authority (Trading 
as Seqwater), PO Box 16146, City East O 4002, Australia. Peter Evans, Jerome Arunakumaren, RPS, 
Australia East, Brisbane, OLD 4006, Australia. Stuart Macnish, MWH Australia Pty Ltd., Brisbane, 
OLD 4101, Australia. 

Received: 25 March 2011; Revised: 8 July 2011; Accepted: 23 August 2011 


INTRODUCTION 


OVERVIEW OF LANDFORM, LAND USE, 
CLIMATE AND HYDROGEOLOGY OF 

BRIBIE ISLAND 

Bribie Island is a Quaternary age sand island about 144 
km in size, located off the southern Queensland coast 
(Figure 1). It has a mean elevation of 5 m above sea 
level and a maximum elevation along north to north 
west trending dunes in the central-eastern part of the 
island of about 14 m. Low dunes (elevation about 4 
m) occur in the central- north part of the island. Dunes 
are separated by swales (interconnected Melaleuca 
sp. swamps) (Armstrong and Cox 2002; Evans et al 
2002), which, along with other wetlands, have varying 
degrees of groundwater dependency. 


The majority of the northern end of the island is 
under National Park tenure, (5 500 ha) consisting 
mainly of Acacia scrub, Banksia woodland, 
softwood scrub, Melaleuca forest, eucalypt 
woodland and heath vegetation communities 
(Jackson, 2007). An additional portion of the 
northern end also supports commercial pine 
plantation, while urban development is restricted 
to the southern end of the island. Bribie Island 
lies at the northern extremity of the Moreton Bay 
Ramsar Wetland, with on-shore Ramsar Areas 
fringing the island itself (Figure 1). 


Bribie Island experiences a mild subtropical climate 
with highly variable rainfall. Mean annual rainfall 
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FIG. 1. Study area locality; showing land tenure, location of Banksia Beach production bores and observation bore network, 
the location of the monitored ICOLs, and the ecological monitoring sites. 


on the island is approximately 1,340 mm. The 
lowest official recorded rainfall for the area was for 
1993 when only 721 mm was recorded, however, 
meteorological datasets in the Australian Bureau 
of Meteorology online database (SILO data drill) 
suggests a minimum rainfall of 463 mm in 1902. 
There is a marked wet and dry season on the island. 
On average, approximately 80% of the rain falls 
from October through May. The wettest months 
are December through February when on average 
35% of annual rainfall occurs. Mean monthly pan 
evaporation exceeds mean monthly rainfall over the 
period June through February. 


Bribie Island is composed of a blanket of sand 
deposits of Holocene to Pleistocene age overlying 
the Mesozoic age Landsborough Sandstone (Evans 
et al. 2002). The sand deposits are interspersed with 
sporadically distributed humicrete / cemented sand 
layers locally known as ‘coffee rock’ (Figure 2). 
Groundwater occurs within the intergranular 
spaces of the sand deposits of the island. A major 
hydrogeological feature of the island is the presence 
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FIG. 2. Schematic geological cross-section of Bribie Island. 


of extensive shallow groundwater “perched” over 
the humicrete / cemented sand layers. 


Consequently, the groundwater resource on Bribie 
Island can be described as two systems, i.e. an 
unconfined groundwater aquifer at the surface, 
and a deeper partially confined aquifer. These 
two bodies of water have differing hydrological 
processes, physio-chemical properties and 
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chemical composition; however, the two systems 
are not independent of each other as the humicrete 
is spatially variable across the island (Cox et al. 
2002). The shallow aquifer responds rapidly to 
rainfall events, while there is generally a delay in 
recharge via rainfall to the deeper aquifer of up to 
48 hours (Armstrong, 2006). 


GROUNDWATER EXTRACTION ON BRIBIE 
ISLAND FOR POTABLE SUPPLY 

Groundwater from the southern end of Bribie 
Island has been used for town water supply since 
1962 (Harbison, 1996). By 2003 the performance 
of this system had deteriorated significantly due 
to infrastructure age and impacts of the ongoing 
drought. In light of this, the local government (at 
that time Caboolture Shire Council) commissioned 
investigations into an alternative groundwater 
source on Bribie Island to safeguard continuity 
of water supply and accommodate the projected 
increase in local demand.In parallel to this, 
amendments to the Water Act 2000 included a 
requirement to further develop the ground water 
resources on Bribie Island in response to the 
regional drought. 


As a result of looming regional water shortages, 
hydrogeological investigations were undertaken to 
determine if a significant sustainable yield could be 
extracted from the Bribie Island aquifer for drinking 
water supply. Following the establishment of test 
boreholes and extensive groundwater modelling 
(MODFLOW), a new production borefield and 
water treatment plant (WTP) were proposed for 
the Banksia Beach area which would extract water 
from the lower regional sand-mass aquifer (Evans 
et al. 2002). 


Pursuant to the adjacent RAMSAR wetland, this 
development was declared a controlled action 
under the EPBC Act (1999). Final government 
approval was granted subject to conditions to which 
the borefield and WTP must operate, including a 
requirement for ongoing and adaptive monitoring of 
aquifer integrity and local groundwater dependent 
ecosystems (GDEs). 


This paper outlines the development of the 
environmental monitoring program and the response 
of the early extraction of water from the aquifer and 
associated GDEs. The application of the adaptive 
management process is also discussed. 


ESTABLISHMENT OF ENVIRONMENTAL 
MONITORING ON BRIBIE ISLAND 

A regimented environmental monitoring program 

was established in 2007 as a component of the 

mandated development of the Bribie Island aquifer. 

Environmental monitoring activities are undertaken 

by way of several ongoing studies and observational 

records, which are conducted at specified time intervals 
throughout the year. The environmental monitoring 
program has four key components: 

1. Clhimatic/weather observations, with data 
collected via two telemetered automatic 
weather stations (AWSs) set up specifically for 
this project; 

2. Bore (Production and Observation) monitoring 
across both the deep semi confined aquifer and 
the shallow unconfined aquifer; 

3. Monitoring of water level and EC across 
four intermittently closed and open lagoons 
(ICOLs); and 

4. Routine study of groundwater dependent flora 
and fauna. 


WEATHER AND CLIMATE MONITORING 
Seasonal weather patterns will significantly 
influence groundwater recharge on Bribie Island. 
As such, a comprehensive climate monitoring 
program is undertaken to enable analysis of 
shifts in climate trends over time, and, to allow a 
comparison of climatic data with groundwater and 
surface water levels to identify changes in these 
that may be attributable to changes in climatic 
conditions as opposed to groundwater extraction. 


Given the lack of a permanent (publicly available) 
Bureau of Meteorology weather station on the 
island, an Automatic Weather Station (AWS) was 
established just to the north of the borefield, with 
a second AWS installed at the Banksia Beach 
WTP. The purpose of two AWS units is to monitor 
differences in climate that may occur between the 
southern and northern ends of the borefield, which 
spans approximately 10 km. Measurements of 
temperature, humidity, dew, barometric pressure 
and wind are undertaken at half hourly intervals, 
with data telemetered to a central database. This 
database provides valuable information on the 
relationship between rainfall (which affects 
recharge), temperature (which affects evaporation 
and evapotranspiration losses), barometric pressure 
(which may affect SWL) and performance of the 
aquifer system. 
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GROUNDWATER MONITORING 

Approach to groundwater monitoring 

Groundwater levels and quality in both the deeper 

sand aquifer and the shallow perched system need to 

be monitored to determine: 

e Impacts that influence the utility of the new 
borefield as demonstrated by the resilience 
of the operating groundwater levels in the 
production bores together with the quality of the 
groundwater drawn from each bore; and 

e Impacts that influence the ecology and 
hydrology of the island and the resilience 
of the groundwater resource of the whole 
island as reflected in changes to the pattern 
of groundwater levels and quality over the 
broader island 


Maintenance and accurate measurement of 
groundwater levels above adjacent mean sea level 
is critical to the management of seawater intrusion 
to the deep aquifer. Groundwater levels in the 
shallow system are critical from the perspective 
of maintaining GDEs and surface hydrological 
features. If groundwater levels are allowed to 
decline, impact on GDEs can occur. Such impacts 
need not necessarily be obvious or catastrophic. 
Longer-term chronic impacts such as changes in 
floristic composition with an evolution towards 
dominance of dry-land species is_ potentially 
possible if groundwater level decline is allowed to 
persist unchecked. 


A pragmatic approach was developed to utilise an 
existing numerical (MODFLOW) model (McDonald 
and Harbaugh, 1988) of the island (Department of 
Natural Resources, 1996) together with analytical 
solutions to groundwater flow to predicted changes 
in groundwater level and resultant seawater intrusion 
to the deep aquifer. This is critical to the adaptive 
management process. 


The groundwater monitoring network for the 
production borefield 

While an existing network of observation bores had 
been established on the island, it was recognised 
that additional observation bores were required 
on a spatial scale more appropriate for effective 
monitoring of the production borefield. Accordingly, 
a network of observation bore sites was established 
in the central part of the island, both linearly along 
the production aquifer and at locations between 
the production aquifer and the coastline. This 


network enables the monitoring of hydraulic trends, 
providing extensive information on the water level 
and water quality in both the deeper semi confined 
and shallow groundwater systems. 


The network consists of 41 bores vertically nested 
over 13 sites, and strategically positioned either 
adjacent to the production borefield or in close 
proximity to the coastline (see Figure 1). This 
system enables monitoring of groundwater levels 
and groundwater quality in the shallow aquifer and 
from vertically discrete zones in the deeper aquifer. 
Changes in groundwater quality can be tracked, and 
the position of the seawater interface can be observed 
with confidence using this network. By monitoring 
groundwater levels, a real-time indication of any 
changes to GDEs caused by groundwater extraction 
can be obtained. 


The development of thresholds for groundwater 
monitoring 

Although detailed modelling has been undertaken 
to conservatively determine sustainable extraction 
rates for the northern Bribie Island borefield, it is 
recognised that the response of complex natural 
systems to hydrological stress is not completely 
predictable. As such, a series of threshold triggers 
(Levels A,B,C) for groundwater levels and 
groundwater salinity (as measured by electrical 
conductivity) has been developed for the production 
bore network and key observation bores, along 
with response actions for the exceedance of a 
threshold. These response actions range from 
increased monitoring and investigation of change 
(Level A) to immediate and complete cessation of 
borefield pumping (Level C). 


The fundamental considerations for determining 
groundwater level and salinity thresholds were 
maintenance of aquifer integrity, infrastructure 
reliability and preservation of groundwater 
dependent ecosystems. Specifically, groundwater 
thresholds were designed to ensure _ that 
unacceptable landward migration of seawater into 
the aquifer will not occur, borefield production 
bores will be able to pump at target production 
rates without affecting operational processes 
(eg. screen fouling and unacceptable salinity for 
drinking water) and, shallow groundwater levels 
will not decline to levels that could cause adverse 
impacts to groundwater dependent ecosystem 
components such as wetlands. 
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As such, the determination of appropriate groundwater 
level thresholds required consideration of the 
following: 

e Spatial positions of monitoring points in the 
landscape and in relation to proposed production 
bores; 

e Predictions of landward movement of the 
seawater interface in the deep aquifer in response 
to the proposed pumping from the borefield; 

e Predictions of changes to groundwater levels 
under long-term, steady-state pumping conditions 
from both regional models and analytical models 
of combined borefield pumping; 

e Available historical time-series groundwater level 
and salinity data available for the groundwater 
system; 

e Recently observed groundwater levels and 
salinities; 

e Vertical positions of monitoring intervals in 
the aquifers including consideration of where 
a specific monitoring point yields data on the 
shallow, perched system or the deeper regional 
sand aquifer system from which the borefield 1s 
proposed to draw; and 

e The nature of the monitoring point with respect 
to whether it is a dedicated observation bore or a 
proposed production bore. 


The approach taken for setting the observation bore 
thresholds depended on whether a bore tapped the 
shallow, perched groundwater system or the deeper 
system and whether a bore was an observation bore or 
a production bore. 


GROUNDWATER LEVEL 

Where observation bores tapped the deeper semi- 
confined aquifer, the key objective was to set threshold 
values that fostered the maintenance of a mound 
of groundwater with an elevation above mean sea 
level between the coastline and the borefield to avert 
seawater intrusion. Where the most recently observed 
groundwater elevations were found to be above the 
model-predicted steady-state elevations, Level-A 
trigger elevations were determined by nominating 
a reasonable allowance for seasonal groundwater 
decline below the model predictions. Similarly, the 
Level-B and Level-C water level triggers applied 
further declines below the Level-A trigger levels, 
but with consideration given to the need to maintain 
a groundwater mound between the coastline and the 
borefield above mean sea level to manage potential 
seawater intrusion. 


In the production bores (all of which tap the deeper 
system), operating water levels in the bores were 
predicted from test pumping and subsequent analytical 
modelling. From this, the Level-C water level triggers 
were set as groundwater levels drawn down to the 
top of the well screens, with Level-A water level 
triggers set as half of the distance from the operating 
water levels in the bores and the Level-C water level 
triggers. Level-B water level triggers were then set as 
three quarters of the distance from the operating water 
levels and the Level- C water level triggers. 


For the observation bores in the shallow system, 
initially the elevation of the upper surface of the 
perching humicrete layer at each site was identified and 
compared to the most recently observed groundwater 
elevations. This provided a critical ‘floor’ for 
groundwater elevations that would represent drying 
out of the shallow system. To avoid this drying out, 
the Level — C water level thresholds were always 
set above this critical ‘floor’. Level A thresholds 
were set slightly below maximum expected depth to 
groundwater (predicted from observed groundwater 
level and expected seasonal variation), with B and C 
levels at incrementally lower depths. 


GROUNDWATER SALINITY 

For the observation bores tapping the deep groundwater 
system, a systematic process was undertaken to 
compare the current and long-term steady-state 
location of the seawater interface in the aquifer as 
predicted by the analytical model with the most 
recent and (where available) historical observations of 
groundwater salinity. These data were used to assess 
the likelihood of an impact on the seawater interface 
at each location and level in the aquifer. 


Modelling suggests that under certain conditions 
there may be some limited movement of the seawater 
interface at certain points on the coastal fringe. In 
order to effectively track this, no thresholds were 
proposed at observation bores at the locations where it 
is predicted that the seawater interface will pass though 
(although observation of salinity was recommended); 
and in the locations and levels where the modelling 
indicates that the seawater interface may reach but 
will not penetrate, trigger levels were set to give an 
early warning and a clear management action for 
WTP operators if the seawater wedge did show signs 
of movement into these locations. In locations where 
the seawater interface may encroach, trigger levels 
are predicated on halting the advance of the seawater 
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wedge. In these locations trigger Level-C is generally 
in the range of 600 uS/cm to 1,500 uS/cm, depending 
on the initially observed groundwater salinity. 


For the borefield production bores (all tapping the deep 
system), the Level — C threshold levels were generally 
set to between 900 and 1,100 mS/cm to protect the 
value of the water as a raw drinking water supply. The 
selection of the Level A thresholds for these bores 
was made considering the existing salinity of the 
water at these bores and in the deeper system aquifer 
around them such that the A level thresholds would 
represent a moderate deterioration in water salinity 
whilst the Level B_ thresholds would represent a 
reasonable value between the Level - A and Level C 
salinity thresholds. 


For the shallow system monitoring bores, the 
historical DERM records of groundwater salinity 
for existing shallow system bores on the island were 
used to identify a reasonable maximum groundwater 
salinity level. Although in many cases the recorded 
values of groundwater electrical conductivity in the 
shallow system have been less than 100 wS/cm, it has 
been found that seasonally, shallow system electrical 
conductivity values have approached 370 uS/cm. 


Accordingly the Level-A triggers for electrical 
conductivity in the shallow system were generally 
set at 400 uS/cm whilst the Level-B and Level-C 
triggers were generally set at 500 wS/cm and 600 pS/ 
cm respectively although surface groundwater with 
an electrical conductivity of 600 uS/cm would not be 
expected to cause adverse ecological impact (e.g. some 
of the ‘fresh water’ surface water bodies on the island 
have electrical conductivity levels to 1,300 wS/cm). 


INTERMITTENTLY CLOSED AND OPEN 
LAGOON (ICOL) MONITORING 

The frontal sand dune system on the eastern coast 
of Bribie Island protects a series of coastal lagoons 
situated behind them. Described as ICOLs, these 
lagoons are affected by rainfall, tidal activity, and 
receive groundwater discharge and surface runoff at 
various stages throughout the year (MWH, 2008). As 
such, the eastern ICOLs are considered to be wetland 
GDEs, although they are not deemed to be entirely 
dependent on groundwater discharge. 


Four ICOLs, Welsby, South Welsby, Mermaid and 
South Lagoons (see Figure 1) are designated for 
monitoring purposes to determine if there is any 


relationship between the ICOLs and aquifer extraction 
associated with the production borefield and WTP. In 
order to identify impacts to the ICOLs, permanent 
survey benchmarks were established at each of the 
four lagoons as a means of tracking water levels over 
time for comparison with other monitoring data (e.g. 
observation bore SWL, and climatic data). Further, 
EC measurements are taken at two levels through the 
water column in each ICOL to track the presence of 
freshwater/saltwater layering effects due to runoff or 
tidal influences. 


ECOLOGICAL MONITORING 

Groundwater dependent ecosystems are those which 
have theirspecies compositionand ecological processes 
partially or wholly determined by groundwater. A 
structured ecosystem monitoring program has been 
implemented to ensure that any adverse impacts 
on groundwater dependent vegetation and fauna 
communities arising from groundwater extraction 
from the Banksia Beach production borefield are 
promptly identified. 


To achieve this, four 25 x 25 metre quadrats have been 
established in a key vegetation community type, with 
three located within the western region of the Ramsar- 
listed area of Bribie Island, and one control site located 
further north and outside of the predicted drawdown 
zone (see Figure 1). Melaleuca quinquenervia wetland 
with reedy understory vegetation communities were 
chosen as key floral indicator because this vegetation 
community would be likely to exhibit detectable 
changes in community composition if groundwater 
levels were to alter outside of the natural variability 
of the system. Wallum, or acid, frogs were chosen as 
key faunal indicators because they breed in freshwater 
inundated areas that typically support water that is 
organically stained and acidic (Coaldrake 1962); and 
hence changes would be likely in the composition 
of Wallum frog if groundwater levels were to alter 
outside of the natural variability of the system. 


Monitoring of Flora and Fauna is undertaken by 
independent ecologists twice yearly, with assessments 
undertaken to identify any floristic or structural 
changes in the sampled ecological communities. 


ENVIRONMENTAL MONITORING 
OBSERVATIONS 
OVERVIEW OF TRENDS IN GROUNDWATER 
LEVEL AND GROUNDWATER QUALITY 
Data have been collected at the majority of the 
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observation bores on a monthly basis since early 
2008. The data show that, in general, SWL across 
the observation bore network maintains a close 
relationship with the pattern of cumulative residuals 
from mean monthly rainfall regardless of bore depth. 
For example, observation bore Cl taps the deeper 
semi-confined aquifer (Figure 3) and observation bore 
C3 (Figure 4) taps the shallow unconfined aquifer. 
SWLs in both of these bores show a clear decrease 
where there is a declining trend in the residual rainfall 
curve. This is highlighted by the exceedances of trigger 
level ‘A’ at observation bore C3 across the December 
2009 — January 2010 period, which coincided with 
extended periods of dry weather (Figure 4). 


Furthermore, Figures 5 and 6 illustrate SWL for 
observation bores Cl and Gl compared to daily 
extraction volumes from the production bores which 
have the potential to impact them. These figures show 
that between January 2009 and June 2009 (a period 
of very limited extraction) SWL in observation bore 
G1 declined by more than 75 cm before rising more 
than 65 cm, while SWL in observation bore C1 fell 
by approximately 30 cm then rose by approximately 
56 cm. Moreover, over September 2009 to December 
2010 groundwater extraction was increased and held 
at relatively consistent levels. Over this time period 
SWL in bores Cl and G1 varied independently of 
extraction rates, indicating fluctuations in SWL are 
likely to reflect natural variations in aquifer levels 
driven by rainfall rather than impacts of groundwater 
extraction. 


The monitoring data from across the observation bore 
network confirms that groundwater levels on Bribie 
Island have relatively high natural fluctuations due 
to the strong relationship between groundwater and 
rainfall and the response of the aquifer to extraction 
is largely consistent with modelled predictions. 
Data collected over the past three years will also 
be particularly useful for model calibration and 
refinement. 


EC values in the deeper semi confined aquifer have 
maintained a largely stable trend across observations 
bores since water quality monitoring began circa 
2008. As illustrated in Figures 7, 8 and 9 EC levels 
have been consistent in deep monitoring bores 
adjacent to the production borefield and those flanking 
the coastline, demonstrating no localised increase in 
salinity attributable to operation of the borefield or 
any discernible movement of the seawater interface. 


EC levels across the shallow unconfined aquifer are 
more variable, as shown in Figure 10 However, these 
fluctuations are the result of localised surface water/ 
shallow aquifer interactions, e.g. transportation of 
salts with rainfall, rather than reflective of trends 
across the aquifer as a whole. 


OVERVIEW OF TRENDS IN ICOL CONDITIONS 
A survey of water level and EC undertaken in June 
2008 was taken to provide a benchmark of conditions in 
the ICOLs. However ICOLs are dynamic water bodies 
that are affected by a number of variables including 
rainfall, evaporation, tides, wave action, wind and 
coastal dune erosion and deposition. ICOLs open and 
close to the ocean naturally in a constant but irregular 
cycle depending a great deal on the amount of water 
flowing into the lake or lagoon from the catchment 
area and by on-shore influences such as storms and 
high tides. The temporal variability in water level and 
EC readings typically found across each of the ICOLs 
is illustrated by the readings taken in Welsby Lagoon, 
shown in Figures 11 and 12. 


There are a number of possible reasons for these 
differences between years including rainfall variability 
and foredune dynamics. Monitoring these ICOLs 
while the water treatment plant has remained far 
below operational output has provided an opportunity 
to observe and record the broad extent of variability 
in these systems without significant extraction from 
the deeper aquifer. However, although the ICOL 
monitoring provides information on the lagoons, it 1s 
not thought to be particularly valuable for assessing 
impacts of groundwater extraction. This is primarily 
because groundwater level decline in the shallow 
aquifer is expected to be minimal at the ICOL sites, 
within natural large fluctuations, and often grossly 
affected by tidal influences. These aspects render it 
very difficult to definitively identify any decline in 
water level due to groundwater extraction. 


OVERVIEW OF TRENDS IN FLORISTIC 
STRUCTURE OF GROUNDWATER DEPENDANT 
VEGETATION COMMUNITIES 

It is recognised that any adverse ecological impacts 
are likely to be subtle and long-term in nature, 
rather than phenomena reflecting acute mortality of 
established vegetation. All native plant communities 
on the island are well adapted to cycles of drought 
and wet periods and many such as Banksia sp are fire- 
dependent. The use of vegetation as an indicator of 
change due to the drawdown of groundwater levels 
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FIG. 3. SWL in observation bore Cl. Cl is situated in the deeper semi-confined aquifer. The vertical line indicates the 


commencement of extraction from the aquifer from the production borefield network (September 2008). 
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FIG. 4. SWL in observation bore C3. C3 is situated in the shallow unconfined aquifer. The vertical line indicates the 


commencement of extraction from the aquifer from the production borefield network (September 2008). 
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Bore C1 SWL Vs Daily Extraction Volumes from Production Bores 6 & 7 
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FIG. 5. SWL in observation bore C1 compared to extraction volumes from production bores 6 & 7. 
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FIG. 6. SWL in observation bore G1 compared to extraction volumes from production bores 6 & 7. 
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FIG. 7. EC in observation bore T1. Bore T1 is situated in the deeper semi-unconfined aquifer, and is located adjacent to 


the production borefield. The vertical line indicates the commencement of extraction from the aquifer from the production 


borefield network (September 2008). 
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FIG. 8. EC in observation bore E1. El is situated in the deeper semi-unconfined aquifer, and is located adjacent to the eastern 
coastline. The vertical line indicates the commencement of extraction from the aquifer from the production borefieldnetwork 


(September 2008). 


95 


ENVIRONMENTAL MONITORING TO INFORM SUSTAINABLE MANAGEMENT OF 


GROUNDWATER EXTRACTION FOR URBAN WATER SUPPLY ON BRIBIE ISLAND 


“o 
bo | 
od 
Ms 
wi 
Ww 
@ 
fom 
o 
faa] 
Cc 
o 
- 
oO 
=) 
mo 
o 
= 
a 
£ 
o 
= 
i 
w 
a 
E 
— 
o 
= 
c 
2 
Po) 
uO 
c 
Pw 
4 
Li 
= 
S 
oO 
a 
> 
© 
Lu 
el 
oO 
a 
ham 
o 
faa] 


—eiEC 


Production Bore 18 - Total Daily Extraction (kL) 


Production Bore 17 - Total Daily Extraction (kL) 


(D)) uonsenxg 

















TLo¢/eo/ez 
TLo¢/co/ez 


- TLoz/to/zz 


OLOc/eL/ee 
OTOZ/TT/ez 
oToz/ot/ez 


- oroz/en/7z 


oto?/so/zz 
OLOc/ZO/ ce 
OLoc/90/c¢ 
otoz/so/zz 
oto?/Po/zz 
OLO¢/e0/ce 


- OTOz/zZ0/22 


oLo¢/to/e2 


- 6002/77/22 


600C/TT/2z 
600Z/OL/ez 
6007/60/¢z2 


~- 6002/80/zz 
i eooz/z0/2z 
- 6002/90/22 
- . 6002/S0/zz 
+ GO0Z/PO/772 
- 6002/¢0/22 
- 6002/¢0/z2 
— 600z/TO/7z 
» 8007/ZT/z2 
- B00e/TT/ ee 


g00¢/OL/ez 
g00¢/60/¢2 
g00¢/s80/zz 


- 800¢/40/¢¢ 
~ 8002/90/¢¢ 
- g00z/s0/zz 
- 800¢/P0/22 





r, and is located between the eastern 


-unconfined aquife 


FIG. 9. EC in observation bore G1. Gl is situated in the deeper semi 
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FIG. 10. EC in observation bore C3. C3 is situated in the shallow unconfined aquifer. 
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FIG. 11. Water level in Welsby Lagoon. 
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FIG. 12. EC in Welsby Lagoon. 
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presents some difficulties in light of the variability of 
the natural system even in the absence of any use of 
the borefield. 


The main difficulty is that there would be a lag 
response to any groundwater-induced change as the 
communities are well adapted to long periods of 
dryness (sometimes of the order of decades but more 
frequently of shorter duration) and it will be difficult, 
if not impossible in the short-term, to differentiate 
between natural seasonal change and the limited (..e. 
mean 0.1 m and less in the Ramsar areas) shallow 
groundwater level drawdown response predicted by 
the detailed modelling. 


Flora monitoring at Bribie Island has suggested a 
number of changes in the vegetation communities 
since the commencement of monitoring in 2008. These 
changes are due to a wide range of environmental 
influences and ecological processes, which include 
but are not limited to: 

successional processes following a fire event in 
September 2008; 

e surface water availability 

fire exclusion; 

increasing floristic diversity; 

competition for space; and 

climatic variability. 


To date, there has been an overall general increase at all 
sites in canopy height, stem counts/ha and an increase 
in the average cover of ground stratum species. The 
exceptions to this trend were: a decrease in canopy 
height and percentage of vegetation cover in ground 
stratum in the first half of the annual period October 
2009 — September 2011 at Site 1; and, a decrease in 
woody shrub abundance in the second half of the 
annual period at the control site. 


The observed differences between these two sites 
and the others are believed to be due to succession 
processes following the fire event in September 
2008 and competition for space respectively. An 
increase in wet-condition flora species at Sites 2 
and 3 in the latter half of 2010 indicates that the 
increase in woody species is not due to sites drying 
but more likely a result of fire exclusion which 
has seen a continual development in floristic 
diversity. There is no apparent evidence of any 
changes of the groundwater dependent vegetation 
at the monitoring site that can be unequivocally 
attributed to aquifer extraction. 


OVERVIEW OF TRENDS IN POPULATIONS OF 
GROUNDWATER DEPENDENT FAUNA 

Frog monitoring focuses on two key species of 
conservation significance, namely the Wallum Froglet 
(Crinia tinnula) and Wallum Sedgefrog (Litoria 
olongburensis). Both of these species are known to 
inhabit the wallum wet heath ecosystems of Bribie 
Island. Frog species may provide an indicator of 
any potential adverse impacts associated with the 
operation of the production borefield, as they are 
most likely to be sensitive to changes in water quality 
(particularly pH) and vegetation cover (Evans et al. 
2002). Frog monitoring is undertaken at dusk, with 
permanent frog monitoring transects traversed by foot 
whilst searching for the presence of frogs and stopping 
every ten minutes to listen for calling frogs. For each 
monitoring site the species, number, age, class and 
health of frogs are recorded. 


Data collected across the period 2009 to 2010 shows 
that there is a large degree of variation in frog 
communities at the monitoring sites. For example, 
frog activity was considerably lower during sampling 
in February 2010 in comparison to February 2009 
sampling period. A greater number of frogs were 
recorded during the September 2010 sampling period 
suggesting that a successful breeding season occurred, 
probably around late February 2010. 


The lack of standing water and prevailing dry weather 
conditions in 2009 likely played an important role in 
influencing frog activity. An observed reduction in frog 
numbers across all monitoring sites in February 2009 
did not necessarily indicate a change in population 
density or structure, as frog populations naturally 
fluctuate considerably in response to environmental 
and seasonal variations (Pechmann ef a/. 1991). Due 
to a wide range of environmental factors such as fire, 
seasonal rainfall variability and wind, more data on 
frogs will need to be collected over several seasons to 
determine population fluctuations in relation to these 
and other factors which exert the strongest influence 
over these communities. As there is no clearly defined 
relationship between the shallow surface watertable 
on which the frogs depend and the deep aquifer, it 
is more likely that any changes in frog populations/ 
activities reflect seasonal climatic conditions than 
aquifer extraction. 


THE ADAPTIVE MANAGEMENT FRAMEWORK 
Comprehensive planning was undertaken prior to 
the construction of the production borefield and the 
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WTP. This included consultation with a variety of 
experts, detailed hydrogeological modelling work, 
as well as fulfilment of the requirements under the 
Commonwealth EPBC Act (1999). However, during 
this process it was acknowledged that both the 
dynamics of aquifer systems, and the response of 
an aquifer and the natural systems that they support 
to hydrological stress, can be complex. As such, an 
adaptive management approach has been developed 
which is central to the operation of the production 
borefield and the WTP. 


The adaptive management approach includes built- 
in safeguards to ensure flexibility and the ability to 
respond to changing circumstances due to either 
seasonal influences and/or an increasing understanding 
of the performance of the aquifer. Central to the 
adaptive management framework are regular review 
processes to ensure that it remains up-to-date and 
constantly reflects current knowledge. 


To this end, a multi-faceted process is followed, 
which includes: 


1. Real-time monitoring of production bore 
groundwater level data, with the trigger 
thresholds automatically alarmed allowing arapid 
operational responses to threshold exceedances; 

2. Trigger thresholds in the observation bore 
network for SWL and EC, with specific 
operational responses to threshold exceedances 
(as outlined above); 

3. Quarterly data review and reporting, including 
external review by independent groundwater 
experts; 

4. An annual review process across the 
environmental monitoring program; and 

5. A major review at three years of production 
borefield operation. 


The major review at three years will assess all of the 
data from the environmental monitoring program and 
other knowledge gained to calibrate and validate the 
model. In addition, as part of the model review, the 
model will be calibrated and run using a number of 
scenarios, to better understand the response of the 
aquifer to extraction under drought conditions. 


CONCLUSIONS 
Experience with monitoring to date clearly supports 
the need for an adaptive management approach to 
borefield operations on Bribie Island to take account 


of annual variability in rainfall, aquifer extraction rates 
and the developing understanding of groundwater 
systems dynamics. Over time, trend data in SWL, 
EC and rainfall will be able to more accurately define 
performance requirements to underpin effective and 
sustainable use of the aquifer. 


The monitoring data collected to date indicates SWL 
across the northern borefield maintains a positive 
relationship with rainfall, and fluctuating water 
levels are likely to represent natural fluctuations 
in groundwater as the extraction volumes have 
been significantly reduced since the WTP was 
commissioned. There has been no_ discernible 
movement of the seawater interface since extraction 
began, and observed variable EC levels in the 
observation bores linked to the semi-confined aquifer 
are likely to reflect a local transport of salts with 
wind and rainfall. 


The fluctuations in water levels and the changes in 
fresh/saltwater layering across the four monitored 
ICOLs are also considered to reflect natural variation 
of the lagoon system, and short-term changes in 
the key GDEs due to drawdown of the aquifer are 
difficult to detect due to the natural variability of 
the ecosystems. 
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BRIBIE ISLAND GROUNDWATER RESOURCES: CHALLENGES IN 
DEVELOPMENT OF CONCEPTUAL AND NUMERICAL MODELS 
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Groundwater is a major resource on Bribie Island and its sustainable management is essential to main- 
tain the natural and modified eco-systems, as well as the human population and the integrity of the is- 
land as a sand mass. An effective numerical model is essential to enable predictions, and to test various 
water use and rainfall/climate scenarios. Such a numerical model must, however, be based on a repre- 
sentative conceptual hydrogeological model to allow incorporation of realistic controls and processes. 
Here we discuss the various hydrogeological models and parameters, and hydrological properties of 
the materials forming the island. We discuss the hydrological processes and how they can be incor- 
porated into these models, in an integrated manner. Processes include recharge, discharge to wetlands 
and along the coastline, abstraction, evapotranspiration and potential seawater intrusion. The types and 
distributions of groundwater bores and monitoring are considered, as are scenarios for groundwater 
supply abstraction. Different types of numerical models and their applicability are also considered. 
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INTRODUCTION 

Bribie Island is a 150 km? sand-strip land mass 
located in the northern part of Moreton Bay, 
South East Queensland (Figure 1). Bribie Island’s 
population, presently over 16000 inhabitants, 
requires a steady supply of water for its domestic 
use. The main water resource being used on the 
island is groundwater, which has been sourced 
from the sand aquifer system via open trenches, 
and more recently by a borefield. These aquifers 
are solely recharged by precipitation. There is also 
extraction from a large number of shallow tube 
wells (spears) in the residential areas, mainly in the 
southwest. However, in the past there have been no 
requirements to the licensing of these private spears 
and little or no resource allocation (DSEWPC, 
2009). The prolonged drought from the mid-1990’s 
to late 2008 resulted in major concerns over the 
sustainability of the groundwater resource and has 
made its management even more important. 


Since its early development, the Bribie Island 
groundwater resource has been managed using 
numerical models as reference tools, and these were 
developed using information available at the time. 
The first formal groundwater investigations in Bribie 
Island commenced in the early 1960s and focused 
on the establishment of a municipal water supply. 
These earlier models were based on several different 


conceptual hydrogeological models, however, as more 
information became available models became more 
detailed and specific. Due to increased demands on 
the resource, future groundwater model development 
on Bribie Island warrants an assessment of previous 
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FIG. 1. Location map of Bribie Island in relation to 
Brisbane City. 
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models in the context of new data and a greater 
understanding of the system. The aim of this paper 
is to describe the most recent understanding and 
conceptualisation of the Bribie Island aquifer system 
which is based on an integration of new data and 
recent model development. The assessment presented 
throughout this paper is based on both conceptual and 
numerical groundwater modelling, and will help set 
goals and objectives for management strategies and 
future model development. 


STUDY AREA AND CHARACTERISTICS 

PHYSICAL SETTING 

The landscape of Bribie Island averages around 5 m 
AHD (metres above Australian Height Datum which 
is equivalent to Mean Sea Level) with a maximum of 
13 mAHD. Bribie Island’s topography is low-lying in 
comparison to the substantially higher massive dune 
landscapes of Moreton Island and North Stradbroke 
Island, which are on average 50-100 m AHD high and 
up to 250 m AHD. 


Bribie Island has a subtropical climate with an 
average annual precipitation of 1400 mm/year most 
of which occurs in summer between November and 
May (rainfall > 100 mm/month). Bribie Island’s mean 
temperature oscillates between 16°C and 25°C and the 
months between May and September have the lowest 
temperatures (T< 20°C) each year (Figure 2). Mean 
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annual pan evaporation, measured at the University of 
Queensland Bribie Island weather station, is around 
1679 mm/year (DNR, 1996). Using this value, and 
considering a nominal pan coefficient of 0.7 (Allen, 
1998), the resulting reference evapotranspiration is 
1175 mm/year. This amount is in the lower range of 
potential evapotranspiration rate estimates (based on 
water balance modelling) varying from around 1000 
mm/year (Williams, 1998) to 1300 mm/year (Bubb 
and Croton, 2000). 


SURFACE HYDROLOGY 

The surface drainage system of Bribie Island 
is poorly developed due to the porous nature of 
its sand mass. The land surface is incised by an 
elongated swale (up to 600 m wide with an area 
of about 600 ha) delimited by two longitudinal 
dunes (8 to 13 m AHD high) running north-south 
down the centre of the island. Sedimentation in 
this central swale has resulted in the evolution 
of a terrestrial swamp area with a small lagoon 
at its centre. The lagoon/swamp area is fed by 
throughflow and surface runoff from the adjacent 
dune system. The swale mainly drains northward 
through a small creek (Westaway Creek) (Figure 
3) discharging into the northern section of the 
Pumicestone Passage (Figure 1) and also through 
the southern section of the swale via Wright’s 
Creek (Armstrong, 2006). 
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FIG. 2. Average annual precipitation and mean monthly temperature for Bribie Island (based on 1980-2008 data from NRW 


and BOM). 
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On the estuarine west coast, surface drainage is 
marked by a series of creeks and canals fed by runoff 
from Pleistocene age beach ridges and discharges 
into the Pumicestone Passage. On the ocean east 
coast and towards the southeast, surface runoff from 
Pleistocene dunes flows into a series of lagoons which 
are frequently breached by groundwater discharge or 
cyclonic tidal surges (Werner, 1998a). In the south and 
central west part of the island, the canals and lagoons 
have been reshaped by anthropogenic activity. The 
water level in these canals is artificially maintained 
using a weir and lock system (Werner, 1998a), and the 
substantial Pacific Harbour development includes a 
series of canals, a marina, anda golf course. Residential 
and light commercial land use is concentrated in the 
southwest and southeast of the island, and the northern 
two-thirds are distributed between land reserves and 
plantation forestry. 
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FIG. 3. Locations of main geographic features on Bribie Island. 


SEDIMENTARY GEOLOGY 

Bribie Island is a large coastal sand barrier island 
that is unconformably underlain by Late Triassic 
Landsborough Sandstone, which outcrops on the 
adjacent mainland (Figure 1). The formation consists of 


massive lithic feldspathic sandstone with shale bands 
and conglomerate lenses, and dips easterly towards the 
sea; no outcrops of Landsborough Sandstone occur on 
Bribie Island. An important feature of this sandstone 
bedrock which has been confirmed by past drillhole 
data (Harbison, 1998) is the presence of a subsurface 
paleochannel that extends from the mainland 
(Oberhardt, 2000; Armstrong, 2006) under Bribie 
Island. This feature has now been better defined by 
recent visualisation modelling (Hawke et al., 2011). 


Quaternary sediments on Bribie Island represent a 
typical prograded barrier island sequence (Armstrong, 
2006) with well sorted aeolian fine sands overlying a 
deeper sand sequence. These sands are characterised 
by upward coarsening (from less well sorted and 
poorly sorted fine-medium sands to fine-coarse sands 
and gravelly coarse sands); the lowest unit is formed 
of sandy silts. Thin silty or clayey sands that occur 
near the Landsborough Sandstone contact in some 
areas may be the product of sandstone weathering 
(Harbison, 1998). 


Leaching of soluble and colloidal humic material 
near the surface has resulted in the formation of dark 
brown indurated and semi-indurated sands (‘coffee 
rock’) through a process of cementation and infilling 
of pores by organic matter and clays (Cox et al., 2002). 
This has occurred extensively over Bribie Island and 
has resulted in an indurated sand unit occurring within 
1-10 m from the surface and up to 12 m thick. 


GROUNDWATER CHARACTER & PROCESSES 
To understand the groundwater occurrence on Bribie 
Island a number of factors need to be considered in 
respect to the properties of the aquifer materials, the 
type of recharge and groundwater flow. These factors 
are summarised here and their integration is essential 
to develop a valid conceptual hydrogeological model 
of this sand island. 


a) Recharge 

Aquifer recharge on Bribie Island is a direct consequence 
of precipitation. For the shallow unconfined aquifer this 
process takes place almost instantaneously as water 
infiltrates through unconsolidated sands at the surface; 
however, there can also be a time lag due to the ponding 
of water on swampy or silty terrain, and the effect of the 
indurated sand layers is also important. 


There have been a number of estimates of recharge 
carried out on Bribie Island but most of these have 
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been based on indirect calculations and measurements. 
Lumsden (1964) estimated a recharge rate equivalent 
to 40-45% of precipitation for the southern part of 
the island, within the water reserve; John Wilson & 
Partners (1979) generated a similar estimate (42%) 
based on water balance modelling. Subsequent 
recharge estimates have, however, been considerably 
lower in magnitude. Soil water balance modelling 
by Ishaq (1980) produced a recharge value of 13% 
of precipitation, while Isaacs and Walker (1983) 
calibrated a numerical model for the southern part of 
the island using a recharge value of approximately 
20%. Harbison (1998) estimated recharge values of 
15% and 30% for the southern part of the island based 
on sodium and chloride mass balance respectively. 
The sodium-based recharge estimate of 15% was 
considered by him to be more realistic as chloride 
analytical determinations were believed to be less 
reliable due to the effect of the humic content of the 
tannin-stained water samples on laboratory analyses. 


The Department of Natural Resources produced 
several numerical groundwater models to estimate 
recharge for the whole island with rates of 8% (DNR, 
1996) and 22% (Werner, 1998a) of total precipitation. 
Subsequently, Harbison (1998) calculated a recharge 
rate of 7% of precipitation, for the whole island, based 
on sodium mass balance calculations. 


b) Aquifer characterisation 

Bribie Island’s sand aquifer system considered as 
a whole is characterised by a significant degree of 
heterogeneity mainly due to the presence of the indurated 
sand unit (Harbison and Cox, 1998; Armstrong and 
Cox, 2002). Laboratory falling head tests carried out 
by Harbison (1998) showed that the permeability of 
the indurated sands could be up to 4 times lower than 
the permeability of unconsolidated sands. Armstrong 
(2006) carried out in situ bailer tests that showed the 
hydraulic conductivity of the indurated sand layers was 
approximately one order of magnitude lower than for 
the overlying unconsolidated sands. 


A summary of horizontal hydraulic conductivity 
values for Bribie Island is presented in Table 1. Most 
of the early investigations focused on the southern 
part of the island due to the location of water 
extraction trenches and a sewage treatment facility. 
In this general area, hydraulic conductivity values for 
unconsolidated sands in the range of 10 - 75 m/day 
were recorded. Subsequent investigations focused on 
the central and northern parts of the island, indicating 
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lower values of hydraulic conductivity (typically 
< 25 m/day). Horizontal hydraulic conductivity 
(K,) values for the indurated sand layer have been 
consistently low for the different investigations 
(0.07 - 2.5 m/day). Armstrong (2006) estimated the 
vertical hydraulic conductivity (K,) of the indurated 
sand unit (vertical head gradient analysis) and noted 
that the K,:K\ ratio for this unit is about 2:1 to 3:1. 
In that study, pump tests carried out in the centre of 
Bribie Island produced a specific storage value in the 
3.5-9.7 x10° range. 


Recent pump tests by EHA (2007a; 2007b), prior to 
establishing the new borefield, were used to determine 
transmissivity and storativity values for the semi 
confined aquifer in the north-central and southern parts 
of the Island. In that investigation, the deeper semi- 
confined aquifer system was pump-tested to derive 
aquifer hydraulic characteristics. Test results showed 
the average transmissivity for the deeper aquifer system 
was about 167 m2/day for the whole island, and the 
average storage coefficient for the north-central part of 
the island was about 1.8 x10°. In addition, that work 
also determined vertical hydraulic conductivity values 
for the indurated sand unit which is treated as a leaky 
layer. A summary of these results for the central and 
southern areas is presented in Table 2. 


c) Groundwater discharge 

As is typical of coastal settings and notably of sand 
islands, groundwater is observed to discharge around 
the shoreline (Werner etal.,2011). Natural groundwater 
discharge at Bribie Island occurs through seepage 
faces on its eastern tidal/semi-tidal lagoons and along 
its estuarine and ocean shorelines, particularly at 
low tide (Harbison, 1998). The mean tidal amplitude 
around the island ranges from about 0.7 - 1.5 m but the 
maximum can be up to 2.4 m (Larsen, 2007). 


In the south of the island, Woody Bay and Buckley’s Hole 
(Figure 3) have been identified as areas with concave 
beach morphologies which could promote groundwater 
discharge (Harbison and Cox, 1998). The beach face 
adjacent to Buckley’s Hole was raised in the 1960s 
(to control mosquito populations) which isolated this 
lagoon from tidal surge and wave effects. Consequently, 
groundwater discharge in this area lowered the salinity of 
Buckley’s Hole to levels which are similar to fresh water 
(EC of around 500 mS/cm) (Harbison, 1998). 


On its eastern ocean coast, Bribie Island has a 
straight beach morphology due to the southward 
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TABLE 1. Hydraulic conductivity (K,) estimates for Bribie Island aquifer system 


Foreshore and 
beach sand 


North and south of | Falling head (Harbison, 1998) 
central swale 
(unconfined) 


Silty sand 0.25 North and centre of | Falling head (Harbison, 1998) 
central swale 

Foreshore and 25 North and south of | Grain size analysis | (Harbison, 1998) 

beach sand central swale 

(unconfined) 


Shallow organic 1 to 3 Central swale Bailer test (Armstrong, 2006) 
reach sands 
Indurated sand 0.09 - 0.25 Island centre (south | Bailer test (Armstrong, 2006) 
of central swale) 
Weakly indurated 5 Island centre (south | Pump test (Armstrong, 2006) 
brown sands of central swale) 
Sandy silts with 1 Island centre (south | Pump test (Armstrong, 2006) 
lenses of clay and of central swale) 
fine sand 
Centre Medium sand 7 Island centre Pump test (Armstrong, 2006) 
(lenses of fine and (east side over 
coarse sand) paleovalley) 


2 
5 


Sand (unconfined) | 0.33 - 18.5 Island Centre (East | Slug Test (HLA 
of White Patch) Envirosciences Pty 
Limited, 2002) 
Indurated sand 0.07 - 2.5 Island Centre (East | Slug Test (HLA 
of White Patch) Envirosciences Pty 
Limited, 2002) 
Sand (semi- 0.13 - 4.7 Island Centre (East | Slug Test (HLA 
confined, basal of White Patch) Envirosciences Pty 
aquifer) Limited, 2002) 
Indurated sand 0.4-2.5 Bribie Island south | Falling head (Harbison, 1998) 
(Black Hole trench) 
Sand (unspecified) Bribie Island south. | Grain size analysis | (Lumsden, 1964) 
Vicinity of trench 
South system 


13 
Sand (unspecified) | 17 Bribie Island south (Ishaq S., 1980) 


Sand (unspecified) | 15-75 Bribie Island south | Pump test (Ishaq S., 1980; 
John Wilson & 
Partners, 1979) 


longshore drift which has resulted in the formation measurements show that the fresh water lens tends 
of foredunes. Nielsen (1999) presented aquifer to thin out on the eastern coast but closes abruptly 
water level measurements and the depth of the on the landward side. This situation allows for 
saline interface for a transect across the narrow seepage face development on the eastern coast and, 
northern part of Bribie Island. Although the in areas of low elevation behind the beach ridge, 
measured interface was usually not very sharp, these groundwater discharges into a series of lagoons. 
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TABLE 2. Summary of aquifer properties 


Statistical Parameter 


North- Central Bore field 
Minimum 
Maximum 
165 
103 


Average 

Median 

Southern Bore field 
Minimum 

432 
168 


Maximum 
Average 
Median 


After EHA (2007a, 2007b) 


For the island overall, numerical modelling by Werner 
(1998a) identified the central swale as a region of 
groundwater discharge in which evapotranspiration 
exceeds groundwater recharge. In addition, Harbison 
(1998) identified lateral movement of shallow 
unconfined groundwater from high slope ridges 
adjacent to the wetlands of the central swale. 


There are a number of fire-fighting trenches on Bribie 
Island which act as groundwater drains. In general, 
these drains are located in the central part of the island 
both within pine forest plantations and further south 
near Bongaree (Figure 3). 


d) Hydrochemistry 

Bribie Island surface waters, which are mainly within 
wetlands, generally have a low pH (<4.5) due to the 
presence of organic acids and carbonic acids in acid 
soils. In some of the tidal lagoons, however, pH tends 
to be significantly higher (pH>6) due to the temporally 
variable mixing of saline water. Surface waters and 
shallow groundwater typically have the same major ion 
chemistry (waters of the Na(Mg)-Cl type) and similar 
chemical ratios as rainfall samples. A plot of Na vs. 
Cl for surface and groundwater samples from Bribie 
Island aquifer (Harbison and Cox, 1998) shows that 
the ratio of Na to Cl is relatively constant throughout 
the different water bodies, indicating limited ion- 
exchange and the absence of halite dissolution. This 
similarity suggests the development of surface- 
groundwater interactions with rainfall as the primary 
source of recharge (Armstrong, 2006) and slow aquifer 
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Aquifer Transmissivity Storage coefficient Indurated sand 
m?/da 
(m'/day) K, (m/day) 


1572 2.44-107 


8.02-10° 
2.19-10" 
1.13-10° 
9.28-104 


1.83-10° 
2.13-104 


residence times. These processes account for limited 
geochemical reactions between the unconfined aquifer 
materials and infiltrating recharge waters. 


As recharge water percolates vertically through 
a sand aquifer system containing carbonaceous 
materials, bicarbonate concentrations tend to increase 
due to mineral dissolution (Freeze and Cherry, 
1979). This has been observed in samples from 
wells screened in the deeper (partially confined) 
aquifer system in Bribie Island (Armstrong, 2006). 
Elevated calcium concentrations in some of these 
samples have been attributed to shell fragment 
dissolution (Harbison, 1998). As water percolates to 
deeper parts of the aquifer, oxygen is depleted and 
anaerobic decomposition of organic matter follows 
sulphate reduction; this is evidenced by samples 
with low sulphate concentrations (Harbison, 1998). 
This process is accompanied by the production of 
hydrogen sulphide (H,S) which has been detected as 
a strong odour in shallow spears and spears screened 
immediately below the indurated sand unit (Harbison, 
1998). However, the hydrogen sulphide odour is not 
present in deeper parts of the aquifer, and this has been 
attributed to gas loss and volatilisation (Armstrong 
and Cox, 2002). Another possible explanation for the 
absence of hydrogen sulphide from deeper bores is 
that, as sulphate is depleted during the initial stages 
of anaerobic decomposition, the decomposition of 
organic matter shifts to methyl-group fermentation 
and carbon dioxide reduction (Kjeldsen et al., 2002); 
these processes do not yield hydrogen sulphide gas. On 
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Bribie Island, iron and aluminium have been identified 
as dominant minor elements which play an important 
role in the formation of indurated sand units. 


Apart from investigations by Nielsen (1999), the 
position and character of the saltwater/freshwater 
interface around Bribie Island has not directly been 
established within previous investigations. However, 
salinity data collected from bores at the time of drilling 
suggest that high salinity (EC>1200 mS/cm) occurs at 
approximately 20 m below ground level (bGL) south 
of Woorim (Figure 3), with high salinities observed at 
shallow depths (~ 7m bGL) at the very south end of 
Woorim immediately north of Skirmish Point (EHA 
Pty Ltd, 2007b). A salinity gradation was determined 
during those investigations but the salinity was not 
high enough to determine the depth of intersection 
with the toe of the seawater wedge. The indurated 
layer has been shown to influence groundwater flow 
near the coastlines, including the character of the 
interface (Harbison, 1998) and demonstrated within a 
3D visualisation model (Hawke et al., 2011). 


RESOURCE UTILISATION 
Groundwater extraction has taken place on Bribie 
Island since the beginning of human settlement in the 
area, but was intensified in the early 1960s with rapid 
population expansion due to the construction of the 
Bribie Island Bridge which joined Bribie Island with the 
mainland (Harbison, 1998). Groundwater extraction 
has been largely carried out through a municipal 
trench system in the southern part of the island but 
also through private spears in populated centres. In 
addition, a new borefield has been established as a 
replacement of the current trench extraction system 
for the central part of the island. This borefield is 
currently under testing and evaluation. 


Groundwater extraction by private spears in Bribie 
Island is generally carried out for garden irrigation 
and not for drinking water purposes. Further, water 
abstracted using these spears tends not to comply with 
aesthetic requirements (iron stained and hydrogen 
sulphide odour). For a long time this activity was 
carried out without formal controls as spears < 6 m 
depth did not need to be registered; nowadays total 
abstraction is still unmetered and carried out without 
flow restrictions. In 1997, Harbison (1998) conducted 
a survey of private water spears on about 8% of the 
streets in Bribie Island and concluded that about 32% 
of the 4400 surveyed households had operating spears. 
This finding suggests there could be around 1417 


spears in Bribie Island which could be abstracting up 
to 1ML/day, if water from the spears is used for half 
of the water requirements by each household. Most of 
the spears are thought to be located at Bongaree (38%) 
and Woorim (30%), followed by Bellara (19%) and 
Banksia Beach (13%). 


Groundwater extraction for potable water supply has 
been managed since the early 1960s by Cabwater 
(Caboolture Shire Council’s water and sewerage 
service provider; local governments have now 
amalgamated into Moreton Bay Regional Council 
(MBCR)). In 1962, six production wells and a 2.2 ML/ 
day water treatment plant were installed southwest 
of Woorim (Harbison, 1998). Subsequently, in the 
period between 1966 - 1967, 21 additional extraction 
wells were drilled within the south east section of 
the island. In 1970, the groundwater extraction area 
was classified as a water reserve and in 1971, iron- 
fouling of well screens became a problem so the 
groundwater extraction operation was converted to 
a trench extraction system (Harbison, 1998). This 
trench is about 3 km long and 5 m deep and extends 
westward from the previous extraction area (Werner, 
1998a). The trench is cut through the indurated sand 
unit to the underlying sands so groundwater from both 
the unconfined and semi-confined aquifers can seep 
into it. In subsequent years, the trench system was 
expanded to include a second trench (“Black Hole’) 
located at about 1 km north east of the first trench 
(Figure 3). In 1977, the water level in the main trench 
was drawn down to a minimum of -1.2 m AHD (John 
Wilson & Partners, 1979); in the period between 1992 
and 1995 the water level in the main trench was drawn 
down to about 0 m AHD (Harbison, 1998). In 2003, 
annual groundwater extraction from the main trench 
system was about 630 ML (EHA Pty Ltd, 2007c). In 
general, groundwater from the Black Hole has been 
extracted on a limited basis and has been pumped to 
the eastern end of the main extraction trench. 


Subsequent problems with the trench system 
have resulted from increased water demand and 
groundwater security issues. This initiated a series of 
investigations towards the establishment of a new bore 
field for Bribie Island. EHA (2006) proposed a revised 
groundwater extraction system consisting of 15 bores 
pumping at 5.5 ML/day while maintaining the current 
effluent application rate of 4.9 ML/day. However, the 
1995-2008 drought that affected Queensland initiated 
subsequent pressure demands imposed by the State 
Government (amendments to the Water Regulation 
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2000) which mandated a substitution of 10 ML/ 
day from Bribie Island groundwater (EHA Pty Ltd, 
2007c). In addition, management of the groundwater 
resource on Bribie Island passed from the Moreton Bay 
Regional Council to the state government Seqwater in 
2008. This resulted in new bore fields being proposed 
in the central and southern sections of Bribie Island. 
Operating recommendations were made by EHA 
but full-scale pumping from these wells has not yet 
been undertaken due to various delays, including 
environmental impact testing. In October 2009 the 
Woorim water treatment plant ceased operating, and 
in December 2010 pumping from the trench system 
ceased due to ongoing groundwater contamination 
problems in the south of the island; only minimum 
groundwater abstraction (~ 1 ML/day) has been 
allowed to take place from the golf course located in 
the vicinity of Woorim (Bell I, 2011). 


A second water treatment plant was constructed 
in 2008 north of Bongaree in the central part of the 
island at Banksia Beach. This water treatment plant 
can process up to 7.2 ML/day of raw water and has 
an outflow at Bellara. Sewage effluent is treated in 
sedimentation ponds in the south of the island and 
evaporated through infiltration beds located at 1.8 km 
south of the main extraction trench. 


FIELD INVESTIGATIONS 
Field investigations at Bribie have been conducted 
almost concurrently with groundwater extraction 
projects. The first major field campaign was carried 
out by the Geological Survey of Queensland (GSQ) 
between 1963 and 1964 (Lumsden, 1964), and 
included the drilling of 31 boreholes with a depth of 
approximately 14 m in the southern end of the island. 
The subsequent groundwater extraction project (21 
extraction wells in 1966-1967) that resulted from 
this investigation provided additional bore log data 
that complemented the original study. In 1980, a 
second GSQ investigation (Ishaq, 1980) resulted in 26 
additional drill hole logs which served as the basis for 
describing the stratigraphy in the southern part of the 
island (see Ishaq drill holes in Figure 4). 


A second major field investigation was carried out 
by DNR between 1992 and 1996 (DNR drill holes 
in Figure 4). This resulted in the installation of a 
series of observations wells throughout the island and 
establishment of a monthly monitoring programme 
(Harbison, 1998). Between 2006 and 2007 (as part of 
a third major campaign) about 20 new bores in the 
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central part of the island (BRxxN series) and five 
bores in the south (BRxx-P and BRxx-S series) were 
drilled and pump tested to assess their suitability as 
future water production wells (EHA Pty Ltd, 2007a; 
EHA Pty Ltd, 2007b). Figure 4 shows the location of 
these bores (EHA drill holes) in relation to the location 
of bores drilled throughout previous field campaigns. 


PAST MODEL DEVELOPMENT 
Numerical groundwater model development for Bribie 
Island has evolved from simple conceptualisations 
based on an idealised uniform sand mass to 
more complex models which incorporate aquifer 
heterogeneity. This evolution in conceptualisation has 
taken place as more information has become available 
after field investigations and hydrogeological 
analyses have been completed. Some of the major 
model development initiatives for Bribie Island are 
summarised as follows: 

e Isaacs and Walker (1983): developed a finite 
difference model for the southern part of Bribie 
Island. This model was calibrated considering 
a constant hydraulic conductivity of 25 m/ 
day and a recharge rate of 300 mm/year (about 
22% of precipitation). The model described the 
drawdown due to water abstraction from the 
main extraction trench and the groundwater 
migration rate from the sewage disposal beds (18 
m/year). As a result of these conclusions, effluent 
discharge was proposed for the southeast of the 
island in order to produce a groundwater mound 
between the extraction trench and the ocean, 
and to limit groundwater discharge into the sea. 
Consequently, about 66% of the sewage effluent 
was directed to outlets south of the golf club. 

e Werner (1998a): steady state and transient 
MODFLOW _ groundwater models were 
developed to assess the effect that harvesting 
commercial pine plantations would have on 
Bribie Island’s groundwater resources. Although 
peaty sand layers containing indurated sand 
horizons were acknowledged as having semi- 
confining properties, this island-wide model 
was conceptualised as a single unconfined 
aquifer unit. In addition, groundwater flow was 
characterised as being predominantly controlled 
by the sea around the island, which was 
modelled as constant head boundaries. These 
boundaries were set at 0.3 m AHD to account 
for salt water density effects (even though mean 
seal level is about 0.0 m AHD). Pine plantation 
removal was simulated by adjusting the model 
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evapotranspiration parameters, and recharge rates 
were treated independently of this. Groundwater 
head calibration was achieved with 1992-1995 
water levels using PEST (Doherty, 1995). This 
approach yielded hydraulic conductivity values 
ranging from 5 to 150 m/day and recharge values 
of 20% of annual precipitation for the steady 
state model and 22% for transient simulations. 
Calibration of transient simulations resulted 
in a specific yield value of 0.128. This model 
was subsequently used to assess the effect of 
a proposed groundwater extraction bore field 
located along forestry roads in pine plantation 
areas located in the central part of the island 
(Werner, 1998b). 

Spring (2006): Developed a_ two _ layer 
MODFLOW model, for the whole of Bribie 
Island, describing the unconfined aquifer system 
(shallow sands) and the semi-confined aquifer 
unit (deeper system). The indurated sand unit 
was implicitly modelled as an actual physical unit 
which was virtually represented by incorporating 
the calculated vertical leakage term between 
the two modelled layers. Model calibration was 
carried out using PEST (Doherty, 1995) and 
parameters for hydraulic conductivity, drainage, 
evapotranspiration, and vertical leakage were 
estimated. First phase calibration using PEST 
yielded hydraulic conductivity values of 18 m/ 
day for the upper aquifer, 0.8 m/day for the lower 
aquifer, and a vertical leakage factor of 2.5x10° 
m/day between the two units. The central 
swale was found to be a feature of significant 
groundwater discharge and was modelled as a 
drain feature. 

EHA (2007a): constructed a MODFLOW model 
based on the previous 1998 model (Werner, 
1998a) but incorporating the new bore field 
currently under consideration. This model 
included a three layer conceptualisation taking 
into account the perched sands as an unconfined 
aquifer system, the indurated layer as a leaky 
aquitard, and the deeper sands as a semi-confined 
aquifer unit. However, the model domain only 
covered the central part of the island with no- 
flow boundaries north and south of a proposed 
north-central bore field. In addition, the model 
layers were not directly based on the actual 
geometry of the hydrogeological units and 
the model was not calibrated against observed 
water levels in the shallow or deeper systems 
for transient simulations. 


e Jackson (2007): Produced a four-layer model using 
Visual MODFLOW for the central part of Bribie 
Island, south of the pine plantation and north of the 
main extraction trench. The main objective of this 
model was to incorporate the effect of the central 
swale and the localised surface catchment that 
was a natural feature before the Pacific Harbour 
development. The top layer (layer 1) was used to 
model the unconfined aquifer while the bottom 
layer (layer 4) was used to represent the semi- 
confined aquifer system. The layers in between the 
top and bottom layers (layers 2 and 3) were used to 
represent the indurated sand unit. In this model, the 
ocean, tidal creeks, and lagoons were represented 
as constant head boundaries north and south of the 
model domain. In addition, the central swale and 
some of the canals were modelled using the Visual 
MODFLOW drain package. This model provided 
some information about the local groundwater 
system in terms of water budgets and flow directions 
but, due to limited data on the indurated sands, it 
does not quantify local flows accurately. 


MODELLING CHALLENGES AND DEVELOPMENT 
As more field-based information about the Bribie Island 
aquifer system and hydrologic processes has become 
available over the years, expectations for successful 
model development have become increasingly higher. 
Thus, the main challenges ahead include: a) conducting 
a holistic approach to data collection and evaluation; 
b) producing information based on adequate data 
analyses, and c) generating realistic conceptualisations 
and modelling based on sound data interpretations. 


a) data collection 

Data on specific hydrogeological processes at 
Bribie Island have often been sparse and disparate. 
For example, initial recharge rate estimates for the 
southern part of the island were in the range of 40- 
45% of precipitation (Lumsden, 1964; John Wilson & 
Partners, 1979) whereas later estimates were 13-20% 
of precipitation (Ishaq, 1980; Isaacs and Walker, 1983; 
Harbison, 1998). Similarly, hydraulic conductivity 
estimates for sand aquifers have ranged from 0.1 to 75 
m/day for different parts of the island. The wide range 
of values is due to differences in the types of aquifers 
being tested (e.g. unconfined vs. semi-confined), host 
lithology variations, and variation in the accuracy of 
measuring techniques (e.g. falling head tests, slug tests, 
pumping tests, and grain size analyses). Similarly, 
drill-log data has been generated at different times and 
with different objectives. Lithological descriptions 
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have been generated by either drillers or trained 
geologists, and these factors need to be taken into 
account when developing a geological interpretation 
of the data. Consequently, putting these data in context 
for groundwater flow model development constitutes 
an important challenge. 


b) data analysis 

A comprehensive data analysis can take different forms 
depending on the nature of the available information. 
In the case of bore log data, new stratigraphy data have 
been used along with previous data to generate more 
accurate geological models. Various studies at QUT 
have compiled raw drill-log data from all available 
sources, and have developed a lithotype classification 
of the main lithologies present in the island. Sources 
of data include drillhole information dating from the 
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1960s (Ishaq, 1980; Lumsden, 1964), the Groundwater 
Database administered by the Queensland Department 
of Environment and Resource Management (DERM), 
and more recent drilling programmes (Armstrong, 2006; 
EHA Pty Ltd, 2006; EHA Pty Ltd, 2007b). Lithotypes 
were loaded into GOCAD 3D geological modelling 
software (Mallet, 1992), and a geological model was 
developed based on a high resolution (LIDAR) surface 
elevation model (DEM) and bore to bore correlation 
of the four main lithological groupings (units) present. 
Stratigraphic surfaces were developed for major unit 
boundaries, including an indurated sand unit (Figure 
4) and the Landsborough Sandstone basement contact 
(Figure 5), as well as shallow and deep sand units and 
a sandy silt unit. A 3D block model was then generated 
from this information using GOCAD which was then 
imported into a GVS model. 







«.*" Bribie Island coastline 


Ms Indurated sand unit 


Ey DERM drill holes 
8 | Ishaq drill holes 
EHA drill holes 


FIG. 4. Oblique view of Bribie Island showing the surface and extent of the indurated sand unit in relation to the island shoreline. 
Locations of drill holes from major sources are shown; QUT research holes are incorporated into the DERM data. 
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FIG. 5. Surface (colour coding) of Landsborough Sandstone bedrock with elevation in metres above Australian High Datum 
(m AHD). The surface mesh shows the triangle boundaries used in the interpolation calculations. 


A groundwater flow model for a sand island such as 
Bribie Island should account for all recharge sources, 
sinks, and abstractions. While much of these data are 
available, there are information gaps which require 
some estimation or projection. For example, there is a 
lack of data to define the large number of shallow spears 
being used for domestic purposes, and the quantity of 


groundwater being abstracted. This makes it difficult 
to adequately account for this type of abstraction in a 
modelling exercise. Not including spears would translate 
into an overestimation of hydraulic conductivity or an 
underestimation of recharge values. A good estimate of 
spear abstraction can be carried out using surveys such as 
the one by Harbison (1998). According to this estimate, 
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spear abstraction could be approximately 0.38 ML/day 
at Bongaree, 0.3 ML/day at Bellara, and 0.13 ML/day at 
Banksia Beach. Such estimates of spear abstraction were 
not included in previous modelling work. 


c) System conceptualisation and modelling 

New Bribie Island data analyses have led to a more 
accurate conceptualisation of the total aquifer 
system. The study by Harbison (1998) suggested a 
conceptualisation consisting of a shallow unconfined 
aquifer and a deeper semi-confined aquifer separated 
by leaky aquitard layer (indurated sand in Figure 4). 


HALLE 


627297 
510502 51/7699 


FIG. 6. Oblique view of Bribie Island from GVS model 
looking northward. The cross section slice shows the 
hydrogeological units within the sand profile which have 
been produced using GOCAD (Hawke et al., 2011). 





FIG. 7. Oblique 3D view looking north east, through a north- 
south longitudinal slice, showing the natural geology through 
Bribie Island. The contour of the base of the sand mass (base 
of Sandy Silts) represents the surface of the bedrock; the two 
branches of the paleochannel are evident (Hawke et al., 2011). 
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In addition, Armstrong and Cox (2002) presented 
the water table and potentiometric surfaces for 
these two distinct aquifer systems for an east-west 
transect section through the centre of the island. 
Subsequent pump tests carried out by EHA (2007a; 
2007b) noted that, in almost all of the long-duration 
pumping tests carried out during their investigations, 
the plot of drawdown vs. log of time resulted in a 
curve approaching a slope of zero; this is the typical 
response of a leaky aquifer system (e.g. Freeze and 
Cherry, 1979). The confining effect of the indurated 
layer is also evident through colour examination of 
groundwater samples from Bribie Island. Harbison 
(1998) observed in some cases that groundwater 
samples from sand units above the indurated sand 
layer are dark brown in colour, whereas deeper 
groundwater samples (below the indurated sand 
layers) are generally colourless. During that study, it 
was also noted that the pH of shallow groundwaters 
was generally more acidic than pH for deeper 
groundwater (pH~3.5 vs. pH~5.0). It is therefore 
clear that understanding the hydrogeology and the 
effect of the indurated sand unit are fundamental 
steps to the development of a numerical flow model. 


3D subsurface conceptualisation 

A useful tool in the understanding of groundwater 
system conceptualisation is 3D visualisation. One 
such tool is the 3D Groundwater Visualisation System 
(GVS) software developed by QUT (James etal., 2010). 
GVS 1s a visualisation framework which incorporates 
existing data such as surface topography, geological 
logs and bore information into a hydrogeological 
scene. The GVS model can also display time series 
data such as water levels, rainfall and salinity (EC). 
Independent models developed externally (e.g. using 
GOCAD) can be imported into the GVS software. The 
resultant GVS model for Bribie Island has been used to 
develop a good understanding of groundwater system 
geometry and time series analyses, and has provided 
an effective framework to support the numerical 
groundwater modelling process. 


The conceptualised Bribie Island 3D 
hydrogeological model is presented in Figures 
6 and 7 which show oblique hydrogeological 
cross-sections from the GVS model. With this 
conceptualisation, four hydrogeological “units” 
have been summarised based on a re-examination 
of all available drill logs (Hawke et al., 2011). 
These units are (a) the unconfined or “perched” 
aquifer system represented by unconsolidated 
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TABLE 3. Structure of improved MODFLOW model for Bribie Island 


hydrogeological unit Aquifer type 
layer type 1: Unconfined unconsolidated sands 





sands (Upper Sands), (b) the indurated sand unit 
shown as a dark brown layer immediately below 
the Upper Sands, (c) the semi-confined (leaky) 
aquifer unit represented by a layer of Lower Sands 
resting on a layer of Sandy Silts (d). 


The Upper Sand unit has a thickness ranging from 2 m 
to 6 m throughout most of the Island, and comprises 
mainly well sorted aeolian fine sands that form 
Pleistocene and Holocene beach ridges mapped at 
the surface. The unit overlies either indurated sands 
or the less well sorted sands of the Lower Sand 
unit throughout most of the Island, but thickens 
considerably (up to around 30 m) at the southern end 
and along the eastern margin of the Island where it 
infills an erosional surface that cuts through nearly 
to basement. The indurated sand unit grades into the 
Lower Sand unit, which comprises predominantly 
fine-medium sand and coarse sand lithotypes, but also 
minor sandy clays and fine sand. The Lower Sand 
unit appears to unconformably overlie finer sediments 
of the Sandy Silts unit, incising into the lower unit 
significantly in some areas (Figures 6 and 7). 


The Indurated Sand unit is defined as a lithological 
grouping comprised mainly of strongly to weakly 
indurated sands with significant humic and clay 
content. Lithology of the unit and its thickness 
vary appreciably as the degree of cementation and 
induration varies. The unit is seen to pinch out and/ 
or split around its periphery, and in places the unit 
includes some minor lenses of non-indurated sands 
within it. The indurated layer has been defined so 
as to assign average properties of this part of the 
sedimentary sequence. The 3D geological model 
shows that the indurated sand layer is present over 
approximately 60% of the island, and has a thickness 
of up to around 13 m at its centre and gradually thins 
near the coastline (Figure 4). 


The Sandy Silts unit comprises predominantly sandy 
silts and clays that appear to infill topographic lows 


in the Landsborough Sandstone paleosurface. The 
unit 1s best developed in the central area of the Island 
within a paleovalley incised into the Landsborough 
Sandstone basement. Here it includes significant 
lenses of coarse sand lithotypes. The Sandy Silts 
unit may be weathered basement in some areas 
where it is thin, as it is often difficult to distinguish 
between the two lithologies from some drill logs, 
and during drilling. 


The Landsborough Sandstone paleosurface is strongly 
weathered to clay in many areas, and is considered to be 
a hydraulic lower boundary for the purposes of the island 
groundwater model. The surface dips generally eastward 
and includes the west to east trending paleochannel, also 
identified by Harbison (1998), beneath the central part of 
the island. The GVS visualisation provides more detail 
to the bedrock surface and shows the paleochannel has 
two branches. The elevation of the paleochannel is about 
-30 m AHD with minimum elevations of up to -45 m 
AHD on its western limit; the paleochannel is divided 
by a basement high of about -18 m AHD extending from 
west to east (Figure 5). 


Bribie Island groundwater flow modelling 

The current groundwater modelling conceptualisation 

of the Bribie Island aquifer system is based on the 

following: 

¢ An unconfined or “perched” aquifer system 
(Upper Sands unit); 

* presence of an aquitard layer (Indurated Sand unit); 

* a semi-confined aquifer system (Lower Sands 
unit beneath the Indurated Sand unit); 

¢ a layer of lower permeability within the semi- 
confined aquifer system (sandy silts sitting on 
top of Landsborough Sandstone bedrock). 


These aquifer units can be imported into a finite 
difference grid by using the MODFLOW package. 
Because MODFLOW requires each layer to have 
a minimum thickness to assure conservation of 
mass (Waterloo Hydrogeologic Inc, 2003), it is 
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not possible to make grid layers directly disappear 
within the modelling domain. This presents an 
important challenge in the case of Bribie Island 
because the indurated sand unit tends to pinch out 
before reaching the coastline and the layers below 
the Upper Sand unit are not present in the southern 
part of the island (Figure 7). However, it 1s possible 
to deal with these issues by reducing the thickness of 
cell layers to a very small thickness within the specific 
areas where these hydrogeological units are absent. 
In addition, it is possible to assign specific property 
values to individual grid cells in order to represent 
the geological units which should be present over the 
pinch out layers. Although these measures can often 
be a cumbersome process, the use of 3D visualisation 
software makes it relatively straightforward to 
implement these alternatives as identification of 
potential geometric constraints is enhanced. Another 
alternative for dealing with these issues would be to 
change the solution to a finite element approach using 
a package such as FEFLOW (Diersch, 2001) which 
directly allows the pinching out of mesh layers. 


Previous Bribie Island groundwater models have not 
directly incorporated the presence of the Indurated 
sand unit as an aquitard layer separating the sand 
mass into an unconfined upper aquifer system and 
a semi-confined lower aquifer unit for the whole 
island. However, the current level of information 
allows development of such a model which can be 
implemented using the model definition in Table 3. 


In MODFLOW, the properties of model layers are 
defined during the initial stages of model definition and 
these can be grouped in 3 general types. For example, 
with layers of type 1, the transmissivity of each cell 
varies with the saturated thickness of the aquifer 
whereas layers of type 3 can also represent confined 
conditions if the layer is fully saturated. In the case of 
full saturation the confined storage coefficient is used 
to calculate the rate of change in storage. 


Calibration of such a model can be challenging as 
water level data and pumping schedule information 
are not always available. In steady state mode, for 
example, there are no long term water level data for 
periods without groundwater abstraction (or constant 
groundwater abstraction). On the other hand, the data 
necessary to calibrate a transient flow model is lacking 
(e.g. missing data from main trench extraction records 
and no records for private spear abstraction). These 
problems can be solved by estimates in the form of 
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basic interpolations as performed by DNR (1996) 
or based on surveys as done by Harbison (1998). In 
addition, complete records for treated effluent are 
required for the sewage disposal ponds located in the 
south of the island. 


Disparity in aquifer recharge estimates can add 
to uncertainty during groundwater flow model 
development. One way to deal with this would be 
to carry out unsaturated flow modelling to help 
understand recharge distribution around the island 
prior to predictive modelling with either MODFLOW 
or FEFLOW. Processes such as_ precipitation, 
infiltration, and evapotranspiration can be modelled 
using this approach which would result in adequate 
recharge estimates. This can be easily done in future 
studies using the HELP model or SWAT (Jyrkama et 
al., 2002; Kim et al., 2008), thus providing further 
insight into Bribie Island hydrology. 


Modelling scenarios to include in _ transient 
simulations should include different groundwater 
abstraction schedules (private and municipal), effluent 
discharge, and potential variations in groundwater 
recharge. These scenarios should include past and 
current pumping conditions as well as future water 
requirements. For example, in 2003 groundwater 
abstraction was approximately 630 ML/year from 
the main trench (EHA Pty Ltd, 2006) and some of the 
alternatives sought by the council, based on EHA’s 
recommendations, include: 

a) Additional abstraction of 4-7 ML/day from the 
central island borefield 

b) 2.3 ML/day from 10 bores pumping at this 
collective rate in the central borefield and 3.2 
ML/day from five bores replacing the main trench 
system at the southern borefield. This would also 
consider a treated sewage application rate of 4.9 
ML/day south of the main trench system. 

c) Pumping scenarios yielding an extra 10 ML/day 
(emergency direction) from all the bore fields but 
with some limitations based on the maximum 
well yield from abstraction bores within the 
southern borefields and main trench systems 


CONCLUSIONS 
Numerical simulation modelling of the Bribie Island 
aquifer system has become important given the 
population increase and growing water requirements; 
there is particular concern for potential seawater 
intrusion and maintaining adequate groundwater 
supply to ecosystems. Such modelling typically 
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evolves and becomes more refined as more data 
becomes available and a better system understanding 
is achieved. However, different sources of information 
and data disparity constitute an additional challenge 
that precedes future groundwater studies. Integrating 
existing data and information through a visualisation 
system such as GVS has enabled compilation of all of 
the relevant Bribie Island information to help form the 
framework for a future groundwater simulation model. 


A comprehensive resource management program 
can benefit from integrating all available data and 
information from different models, and result in new 
models to aid decision makers. In the case of Bribie 
Island, data from field investigations (e.g. bores), 
monitoring programs (e.g. water level measurements), 
rainfall records, flow records (e.g. from water 
treatment plant), and a GOCAD 3D geological model 
have been integrated into a Bribie Island GVS model. 
This GVS model, which can be visually interrogated, 
is a useful tool to use along with previous information 
(groundwater flow models, recharge estimates, 
and aquifer characteristics) to produce an updated 
groundwater flow model. 


The final conceptual hydrogeological model for 
Bribie Island is based on an unconfined sand aquifer 
system and a deeper semi-confined aquifer system 
separated by an aquitard layer (indurated sand) 
over a large proportion of the Island. No previous 
modelling attempts have produced a whole-island 
model explicitly depicting the presence of the 
indurated sand layer. However, the current level 
of system understanding allows for this modelling 
advancement. This model can also include the 
basement paleochannel at the centre of the island, 
which is an important feature highlighted within 
this study. Based on this conceptualisation, 
a Bribie Island numerical flow model can be 
calibrated taking into account the whole range of 
possibilities for aquifer properties (e.g. hydraulic 
conductivity) and recharge estimates from previous 
investigations. Once calibrated, the final model 
will be used to run a series of scenarios based on 
current and future groundwater requirements to 
adequately manage the resource. 
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A PALAEOLIMNOLOGICAL STUDY 


METTAM, P., TIBBY, J., BARR, C. & MARSHALL, J.C. 


Relatively little is known about the formation and stability of coastal wetlands in Australia and less 
still is understood about the formation of fresh groundwater fed wetlands in coastal environments. 
Eighteen Mile Swamp is a shallow, groundwater fed, freshwater coastal wetland stretching almost 
the entire length of the eastern side of North Stradbroke Island, south east Queensland. In order to 
determine the timing and nature of Eighteen Mile Swamp’s formation and evolution, and to examine 
the response of the wetland to climate, we examined the diatom record from a 210 cm sediment core. 
The approximately 650 year record was taken from an open water pool on the western margin of 
the swamp, approximately half way along its north-south axis. Diatom assemblages and sediment 
analysis were used to reconstruct the wetland’s history and indicate that Eighteen Mile Swamp evolved 
from an estuarine system to a freshwater acidic wetland approximately 420 years ago. From this time 
onwards, the diatom record demonstrates very little variation, indicating an apparent resistance to 
climatic variability and human interference. 
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INTRODUCTION 
Wetlands are essential to the sustainability of the 
environment as well as being crucial resources for many 
socio-economic activities. Understanding the formation 
and history of wetlands can improve their current and 
future management (McKirdy et al., 2010). While there 
is now a good understanding of the physical evolution 
of Australian estuaries, at least for south east Australia 
(Sloss et al., 2005), relatively little is known about the 
formation and stability of coastal wetlands in Australia, 
particularly from the perspective of the nature of water 
quality and ecological variability (Roy et al., 2001). 
Even less is known about the formation of freshwater 
wetlands in coastal environments, in particular those 
that are groundwater fed. In order to better understand 
the formation and stability of coastal wetlands, this study 
explores the development of Eighteen Mile Swamp on 
the eastern side of North Stradbroke Island, which is 
believed to be the Island’s youngest wetland (Specht 
& Walker, 2006). There are over 70 named freshwater 
wetlands on North Stradbroke Island of varying ages 
(Durbidge & Covacevich, 2004). As Eighteen Mile 
Swamp is a young wetland with high sediment deposition 
rates (Flood et al. 1986), it has the potential to provide a 
high temporal resolution record of wetland development 
during the late Holocene. Diatom analysis is used as a 
palaeolimnological tool to reconstruct the history of 


an open-water pool within Eighteen Mile Swamp and 
to explore the rate at which this wetland has matured. 
In particular, the diatoms are used to infer changes in 
wetland salinity and pH. These variables are important in 
this environment to determine, respectively, the nature of 
the transition from a marine environment to a freshwater 
system and the pH history of the wetland itself. Diatoms 
are particularly sensitive to these variables (Battarbee et 
al., 2010; Fritz et al., 2010) and are thus well suited to 
this investigation. In addition, diatom habitat preferences 
can be used to infer changes in the nature of wetland 
habitats (e.g., Reid et al., 2007). In this context, this study 
examines whether a pool in the Swamp have remained 
constant or been subject to change from external factors, 
such as climate variability and human modification. 


MATERIALS AND METHODS 

SITE DESCRIPTION 

Eighteen Mile Swamp (Figure 1) is situated on the 
eastern (seaward) side of North Stradbroke Island 
and stretches almost the entire length of the Island. 
This acidic back barrier swamp (Specht & Walker, 
2006) is predominantly groundwater fed (Durbidge 
& Covacevich, 2004) with the major surface inflow 
entering via a freshwater creek, which carries the 
overflow from Blue Lake. Eighteen Mile Swamp is 
believed to have formed after sand migration and 


120 


Brisbane 
Airport 


Brisbane 


Wellington Point 


BRISBANE 


Cleveland 


Redland Bay ® 





oD Vase Is. 


PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 


Amity Point 


Pt. Lookout 


North 
Stradbroke 
Island 


Peal Is. Dunwich 
Blue Lake 
N.P. 
Blue Lake X 


Eighteen 
Mile 
Macleay Is. 


5 


FIG. 1. Location of North Stradbroke Island and 18 Mile Swamp (X — denotes coring location). 


accumulation formed a wetland separated from the 
sea (Ward, 1978). Radiocarbon dating ('*C) associated 
with some preliminary palaeoenvironmental research 
indicated that Eighteen Mile Swamp is the youngest 
wetland on the Island, potentially being only 500 years 
old at the southern point (Specht & Walker, 2006). 
Eighteen Mile Swamp is a mixture of environments 
with mature terrestrial flora communities and developed 
aquatic plants (Stephens, 2005) and contains numerous 
open water pools of varying size. In this study, a core 
taken from an elongate open water pool (approximate 
dimensions 80 m x 20 m) on the western edge of 
Eighteen Mile Swamp (27° 31? 35.2” S., 153° 29’ 38.4” 
E.) was analysed. The pool, at the time of sampling, had 
a maximum depth of 2.1 m, was fringed by Lepironia 
articulata (Figure 2) and was sufficiently clear that 
macrophytes were observed growing on the bottom. 





FIG. 2. The sampled pool in Eighteen Mile Swamp 
(looking north). 
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METHODS 

Sediment was collected from the deepest point in the 
pool on the western edge of Eighteen Mile Swamp 
using a Livingstone corer. A 210 cm core (18MS-N1) 
was extracted and extruded in one metre lengths into 
plastic trays and sealed for transport to the laboratories 
of the University of Adelaide. In the laboratory, 
the cores were split lengthways and an analysis of 
stratigraphy, magnetic susceptibility and lithology 
conducted. The stratigraphy was described using 
the modified Troels-Smith method (Kershaw, 1997) 
(Table 1). Magnetic susceptibility was measured at one 
centimetre intervals using a Bartington MS2 sensor 
with a MS2E Probe. Sediment moisture and organic 
content was estimated from contiguous one centimetre 
samples (Figure 3), determined via sequential drying 
and loss on ignition, following Heiri et al. (2001). 
Three samples were submitted for radiocarbon ('4C) 
dating. Samples 18MS33-34 and 18MS86-87 were 
originally submitted for AMS dating of the pollen 


TABLE 1. Lithostratigraphy of core 18MS-N1. 


fraction (sensu Vandergoes & Prior, 2003), however 
insufficient datable material was recovered from 
sample 18MS33-34 (33-34 cm below surface) and, 
therefore, organic material > 150 microns was dated. 
Two sub-samples, from density separations with 
liquids of 1.2g/ml and 1.5g/ml, were dated from 86-87 
cm depth and small seeds were dated for 18MS120- 
121 (120-121 cm depth) (Table 2). Radiocarbon 
ages were calibrated using atmospheric corrections 
(SHCal04; McCormac et al., 2004) and an age depth 
relationship derived from linear interpolation between 
the calibrated ages. 


Diatom samples were taken at contiguous one 
centimetre intervals for the first 90 cm of the core 
and at 5 cm intervals to a depth of 200 cm. Sample 
preparation followed the standard HCL and H,O, 
digestion method of Battarbee (1986). This sampling 
regime provides high-resolution understanding 
of the most recent history of the wetland and a 


=_ 


1 
2 
3 
4 
5 
7 
10 
11 
12 
13 
14 


Fine detritus (~25%) with organic lake mud (~75%) 
25-11 Reduced detritus (~15%) with organic lake mud (~85%) 
61-25 Organic lake mud (100%) with no detritus 


90-61 Fine detritus (~25%) with organic lake mud (~75%) 
114-90 Fine detritus (~50%) with organic lake mud (~50% 


= | 
16 | 128-114 Fine detritus (~25%) with organic lake mud (~75%) 
17 ‘| 131-128 Grey Clay (100%) 


133-131 Organic lake mud (100%) with no detritus 
136-133 Sand (100%) 


156-136 Grey Clay (~85%) with Iron Oxide (~15%) 
163-156 Sand (~70%) with Iron Oxide (~30%) 


183-163 Sand (~85%) with Grey Clay (~15%) 


113. | 192-183 homogeneous | Sand (~75%) with Grey Clay (~7.5%) and lake mud (~7.5%) 
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FIG. 3. Sediment moisture and organic content for core 
18MS-N1. 


lower resolution account of the wetland formation. 
Identification and enumeration of diatom valves was 
undertaken using a Nikon Eclipse E600 microscope at 
a magnification of 1500* with Nomarski differential 
interference contrast. Diatoms were identified using 
a variety of taxonomic texts and online sources, 
primarily Krammer & Lange-Bertalot (1991), the 
European Diatom Database (2010) and occasionally 
the Academy of Natural Sciences (2010) image 
database. Unknown species were identified to genus 
level and given the descriptor ‘aff.’ if they were 
similar in appearance to a known species. Valves 
of the genus Eunotia were occasionally found in 
girdle view, making identification to species level 
problematic. In these cases, the valves were counted 
as Eunotia ‘girdle’. 
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The minimum count size deemed necessary for fossil 
diatom analysis varies considerably between authorities, 
with no standard count universally accepted. Most 
commonly, the recommendations of Battarbee (1986) 
are adopted, with counts of 300-600 valves undertaken 
in order to fully capture the species diversity of a 
sample. However, due to time limitations, a desire for 
high resolution sampling and the generally low species 
diversity at this site, the efficacy of a 100 valve count 
was investigated. This was undertaken by counting three 
samples to totals of 100 and 300 valves and comparing 
the counting efficiency and the relative abundances of the 
dominant taxa. Counting efficiency was determined using 
the following formula of Pappas & Stoermer (1996): 


Efficiency = 
individuals 


1 — number of species/number of 


This formula determines if the count has been efficient 
in representing the diversity of the sample and that the 
chance of finding more species is negligible, with O=low 
efficiency and 1= high efficiency. Results demonstrated 
the efficiency values for counts of 100 and 300 valves were 
both high, ranging from 0.90 to 0.91 for 100 valves and 
0.95 to 0.96 for 300 valves (see Figure 4). Comparisons 
between the relative abundances of dominant taxa at 100 
and 300 counts also showed very little difference with the 
majority of species having less than a 5% discrepancy 
(Figure 5). Taken together, these results indicate that 
counting 100 valves is sufficient to accurately capture the 
diversity of the fossil diatom assemblage at this site. As 
such, we adopted a 100 valve count for this study. 


Counting was undertaken along a maximum of 6 
transects of the microscope coverslip, with the sample 
declared ‘barren’ if no diatoms were located. All 
identifiable diatoms within the field of view were 
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FIG. 4. Efficiency of counts of 100 and 300 diatoms values (sensu 
Pappas & Stoermer, 1996) for selected 18MS-N1 samples. 
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TABLE 2. Results of '*C analysis of samples from core 18MS-N1 


Sample Code | Lab. Code Sample Depth | Material 
(cm) dated 


18MS33-34 R32496/1 33-34 cm Organic 
material >150 
uM 


18MS86-87 R32496/2 86-87 cm Organic 
material (1.2g/ 
ml floatation) 

18MS86-87 R32496/2 86-87 cm Organic 
material (1.5g/ 
ml floatation) 





counted. Raw diatom counts were converted to relative 
abundances for statistical analysis. Correspondence 
Analysis (CA) was implemented using the software 
C2 (Juggins, 2010) to identify which samples were 
similar in diatom species composition and any trends 
through time in the diatom assemblages. CA was 
implemented on diatom counts that exceed 90 valves 
and with the counts for Eunotia girdles excluded. 


As many of the diatom species recorded have a 
cosmopolitan distribution, the European Diatom 
Database (2010) was used to reconstruct a pH history 
of the wetland based on the pH optima and tolerances 
of each species in an individual sample. Eunotia 
girdles were excluded from this reconstruction. In 
order to provide a more robust reconstruction, pH was 
only reconstructed from samples with more than 80 
valves present. While this improves the reliability of 
the reconstruction, the temporal coverage of the pH 
history is reduced due to dissolution of diatom valves 
in some sections of the record. Given the potential for 
differences in diatom pH preferences between sub- 
tropical North Stradbroke Island and Europe, it is 
likely that the pH reconstruction is, at best, indicative 
of trends. This reconstruction 1s included in the diatom 
stratigraphy (Figure 6). 


RESULTS 
PHYSICAL PROPERTIES OF THE SEDIMENT 
The nature of the sediments is outlined in Table 1. 
There was a substantial change in the lithostratigraphy 
from predominantly sandy sediment (210-156 cm) 
to fine grey clay sediment between 155 and 136 cm 
before a transition to homogeneous organic lake mud 
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FIG. 5. Diatom relative abundance based on different count 
sizes for selected 18MS-N1 samples. a=15 cm, b=75 cm and 
c=105 cm. 
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FIG. 6. Diatom stratigraphy for core 18MS-N1. Also shown 
is the diatom inferred pH reconstruction undertaken on all 
samples where the diatom count exceeded 80 valves. 
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(133-131 cm). At 131-128 cm, there is a small section 
of grey clay. Above 128 cm the core is composed 
of organic lake mud with varying levels of organic 
detritus. A layer of homogeneous organic lake mud, 
with no detritus, at 61-25 cm is quite similar to that 
found at 133-131 cm (Table 1). 


For most of the 210-158 cm section, sediment moisture 
content averages between 16-18%, with a small number 
of peaks that exceed 19%, particularly between 178 
and 158 cm (Figure 3). At 158 cm, the moisture content 
increases dramatically to over 60% and, with the 
exception of a notable trough between 135 and 131 cm, 
remains above 60% before increasing yet again at a depth 
of 126 cm. From 126 cm to the top of the core, moisture 
content is high (>70% and reaching almost 90%), with 
a notable trough between 60 and 24 cm. These reduced 
values occur concomitantly with the occurrence of 
homogenous organic lake mud (see Table 1). 


Organic content is less than 2% in all but one sample 
(208 cm) between 210 and 158 cm. Above 158 cm, 
organic content is higher, although it is not until 131 cm 
that it exceeds 5% (Figure 3). This increase in organic 
matter correlates with the change from grey clay and 
sandy sediment to organic lake mud (Table 1). Above 
131 cm, there is a variable increase in organic matter to 
a peak (74%) at 113 cm. Above this point, the organic 
content exhibits a variable decline to 60 cm and then 
varies little (20-23% organic matter) between 60 and 23 
cm, before exhibiting a variable increase. The pattern of 
organic matter, hence, largely follows that exhibited by 
the moisture content (Figure 3). 


DATING 

Radiocarbon dating results are shown in Table 2. 
Sample 18MS33-34 returned an age of 5120+430 yr cal. 
BP (calibrated years before the present), while sample 
18MS86-87 (using the 1.2g/ml fraction) returned an 
age of 6560+30 yr cal. BP. The 1.5g/ml fraction from 
sample 18MS86-87, along with the dated seeds from 
120-121 cm returned much younger ages (350415 yr 
cal. BP and 390+30 yr cal. BP respectively). 


DIATOM RECORD 

The diatom stratigraphy has been divided into three 
zones representing distinct periods in the 18 Mile 
Swamp core record (Figure 6). 


ZONE C: 200-91 cm 
Zone C begins with a low abundance of diatoms 
(from 200-140 cm) with <10 valves per coverslip 
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transect recorded in these samples. Hence, only the 
presence of diatoms recorded is illustrated in Figure 6. 
Grammatophora valves, potentially Grammatophora 
oceanica or Grammatophora angulosa (Hajos, 1973) 
were present in this zone though they were heavily 
fragmented and/or dissolved. Between 200-185 cm, 
fragments of Grammatophora as well as some fragments 
of Paralia sulcata and Coscinodiscus species are present. 
These genera are all associated with marine or estuarine 
environments (Hajos, 1973; Round et al., 1990). 


At 135 cm Frustulia, Brachysira and Eunotia species 
dominate. At 130 cm, 16 valves of Pinnuavis elegans 
were recorded, along with two other unknown taxa that 
had not occurred previously. Pinnuavis elegans prefers 
substantially higher salinity and pH (Gell, 1997) than the 
dominant species found at 135 cm. At 130 cm, there is 
a decline in the presence of Frustulia, Brachysira and 
Eunotia species and several large Pinnularia specimens 
were noted. These specimens were too damaged or 
dissolved to identify to species level and hence only their 
presence is noted (see Figure 6). Fragmented sections 
of other large diatoms generally associated with saline 
conditions, such as Pinnuavis sp., were also observed 
but not included in the count. At 115 cm, Aulacoseira 
crenulata is the most abundant species, with Frustulia 
and Brachysira species found at < 5% relative abundance. 
From 105-95 cm Brachysira brebissonii and B. stvriaca 
are the dominant species, with Ewnotia pectinalis and 
Frustulia rhomboides subdominant. 


ZONE B: 90-61 cm 

In zone B, no single taxon dominates with Eunotia 
pectinalis, Frustulia rhomboides and both Brachysira 
styriaca and B. brebissoni important components of 
the assemblage. Although less numerous than the 
aforementioned taxa, Eunotia bilunaris, Eunotia 
camelus and Eunotia naeglii are more abundant in 
zone B than in the other zones. The relative abundance 
of Aulacoseira crenulata increased in zone B (average 
5%) from an average of <1% in zone C. Aulacoseira 
crenulata is a planktonic diatom, unlike the other 
species recorded which are predominantly benthic or 
epiphytic (i.e. living on surface sediments or higher 
plants; Benchley & Harper, 1998). 


ZONE A: 61-0 cm 

Diatom preservation is poor from 61-21 cm, with only 
partially dissolved and/or fragmented valves observed 
in this section providing insufficient numbers to permit 
calculation of relative abundances. The remainder of 
Zone A is dominated by members of the Brachysira 


genus, Frustulia rhomboides and several Eunotia species. 
Eunotia flexuosa and Eunotia papillio are notably more 
abundant in zone A, whilst Eunotia pectinalis is the most 
commonly occurring species, with an average relative 
abundance of 20%. Frustulia rhomboides is the second 
most common species (average: 17%). Brachysira 
brebissonii and B. styriacaare also common, with relative 
abundances of 14% and 10%, respectively. These four 
species prefer acidic conditions (weighted averaging pH 
optima 5.1-6.0) in freshwater systems (Stevenson et al., 
1991; Cameron et al., 1999). Eunotia flexuosa, Eunotia 
naeglii and Eunotia bilunaris were also common in zone 
C, with FE. flexuosa and E. naeglii commonly associated 
with freshwater acidic wetlands (with acidity as high as 
pH of 3, Taffs et al., 2008). Pinnularia and Nitzschia 
species also recorded higher relative abundances in zone 
A, with the exception of Pinnularia gibba. 


DIATOM CORRESPONDENCE ANALYSIS (CA) 
In the correspondence analysis ordination, samples from 
the top 23 cm cluster with low axis | scores, while samples 
below 66 cm are associated with positive axis 1 scores. 
Samples at 2 cm, 6 cm, 65 cm and 91 cm have almost 
identical values on axis 1, suggesting similar conditions 
were present during these periods. Interestingly, samples 
2 cm and 6 cm are closer to 65 cm and 91 (95 cm) than 3, 
4,5 cm with the 7-10 cm samples closer to samples from 
21-23 cm (see Figure 7). 
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FIG. 7. Correspondence analysis biplot of 18MS-N1 sample 
scores based on fossil diatom assemblages. Numbers 
correspond to diatom sample depths. Only samples with 
diatom counts > 80 valves were included. 
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DISCUSSION 

CHRONOLOGY 

As is evident in Table 2, dating of different sample densities 
from sample 18MS86-87 (86-87 cm) resulted in very 
different “C ages (5823430 and 411415 “C years BP). 
Furthermore, dating of a single seed from below this depth 
at 120-121 cm returned a younger age (320430 C years 
BP), while dating of unidentified plant material >150 um 
from 33-34 cm returned a “C age of 4602430 “'C years BP. 
Hence, obtaining a precise chronology for the 18MS-N1 
core 1s not straightforward. As a result of these contrasting 
ages, two very different sediment chronologies are 
possible: a “young” chronology and an “old” chronology. 
The “old” alternative suggests that Eighteen Mile Swamp 
is in excess of 6,000 years in age with the top 33 cm of 
sediment accumulating at just 0.006 cm/year. This suggests 
a substantially older system than previously reported. Flood 
et al. (1986) suggested that the development of freshwater 
environments in Eighteen Mile Swamp did not commence 
until approximately 600 years BP, while Boyd (1993) 
conducted two “'C age determinations from Eighteen Mile 
Swamp, which dated the northernmost end of the wetland’s 
formation at 2,400 + 110 “C years BP and Swan Bay at the 
southern end of the Swamp as developing in only the last 
500 years. Ifa time transgressive north to south development 
of the wetland is assumed (Boyd, 1993), the 18MS-N1 site 
should be younger than 2,400 + 110 '*C years. 


There are many sources of potential error in radiocarbon 
age determination. One of the most common causes 
is stratigraphic contamination from mixing of old 
and recent organic material (Cohen, 2003). Ashmore 
(1999) has suggested that using multiple sources of 
carbon (e.g. plant macrofossils mixed with pollen) is 
more likely to return misleading results than relying on 
one source. Due to a lack of dateable pollen, unknown 
plant material, including fine hair-like roots, was 
included in the combustion process for one sample 
(18MS33-34). As the plant material could not be 
identified, and given the submerged nature of the site, 
it is possible that the remnants of aquatic plants were 
included in the combustion process. Aquatic plants can 
be contaminated with 'C—depleted, or “old” carbon, 
due to the effects of hard water leading to dramatic 
errors in radiocarbon dating (Snyder et al., 1994). 
“Old” carbon can enter systems from sources such as 
run-off from 'C-depleted soils, bedrock weathering 
or groundwater. On North Stradbroke Island, there are 
numerous layers of organic matter buried in ancient 
dune systems (Leach, 2011). Groundwater movement 
through this material may provide a source of depleted 
4C to Eighteen Mile Swamp. 
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Samples 18MS86-87 (1.5g/ml floatation) and 18MS120- 
121 differ from the other two samples as larger most 
likely terrestrial material and pollen was used for the '*C 
determinations. Terrestrial plants and pollen are less likely 
to obtain old carbon from hard water as they acquire their 
carbon through the process of sub-aerial photosynthesis 
(Hatte & Jull, 2007). Therefore, contamination by “C 
—depleted carbon is less likely to have occurred, making 
the age-depth model from these dates the more plausible. 
Moreover, at least 10 other wetlands have been dated on 
North Stradbroke Island (Barr, unpublished data) and all 
of these, with the exception of parts of the record from 
Native Companion Lagoon (Petherick et al., 2009), 
have accumulated sediment faster than 0.01 cm/year. 
In this context, the “old chronology”, with calculated 
sedimentation rates of only 0.006 cm/year, appears 
unrealistic. Combined with the unknown provenance of 
the material that contributed to the old dates, and in contrast 
to the dated seed from 120-121 cm, we therefore consider 
that the younger ages are likely to be more reliable. 


Support for this interpretation comes from a study 
of northern New South Wales coastal deposition 
which found increased coastal sedimentation and 
beach development commenced rapidly in response 
to a shift to a more southerly wave climate 1,000 
years BP and has continued since then (Goodwin et 
al., 2006). Assuming a similar increase occurred in 
south-eastern Queensland, greater sand transport 
and rapid deposition of sediment may have caused 
the development of the coastal barrier system which 
would eventually become Eighteen Mile Swamp. 


WETLAND DEVELOPMENT 

The following history of the development of Eighteen 
Mile Swamp is proffered. The wetland began as an 
estuary before developing into a freshwater ecosystem. 
Under marine influence, pH was initially high before 
the site transformed into an acidic wetland as plant 
communities developed and organic decay, in the 
absence of buffering, lowered the pH. There was a 
period of diatom dissolution before the establishment 
of modern conditions in the pool. Estimated ages for 
these transitions are provided, based on strict linear 
interpolation between the (younger) calibrated ages 
(Table 2). However, given the problems associated 
with the chronology, these are approximations. 


ESTUARY TO FRESHWATER ECOSYSTEM 
(~650- 420 YEARS BP) 

The diatom data (in particular the occurrence of Paralia 
sulcata, Coscinodiscus sp. and Grammatophora sp. in 
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the lower part of zone C) and the dominance of sand 
and clay below 136 cm indicate that in the early part 
of this record the study site was open to the ocean. 
The fragments of estuarine or marine diatoms in zone 
C indicate that, until approximately 600 years BP, this 
section of Eighteen Mile Swamp was a “youthful” 
estuary (sensu Roy et al., 2001). At approximately 
420 years ago, the presence of fragmented Pinnularia 
sp. and Pinnuavis elegans which have, respectively, 
preferences for low and elevated salinity (van Dam et 
al. 1994; Gell 1997) suggests that there was a transition 
to an estuarine aquatic ecosystem of varying salinity. 
The change from sand to grey clay sediment (unit 11 to 
unit 10), a common feature of saline estuaries, supports 
this interpretation (Aaby & Digerfeldt, 1986). 


ACIDIC FRESHWATER WETLAND (~420-290 
YEARS BP) 

At approximately 420 years BP (at 135 cm), there 
was a change from a system with variable salinity to 
a freshwater wetland with highly organic sediment 
deposited beneath acidic water. This transition is 
indicated by both the marked change in lithology 
(from grey saline clay to organic lake mud, Table 1) 
and the increase in freshwater acidophilous diatoms 
(e.g. Brachysira brebissonii and Eunotia pectinalis). 
This most likely occurred because of a build-up of 
the foredune on the eastern side of North Stradbroke 
Island, isolating the wetland from tidal inflows. 


Following isolation from the ocean, the colonisation of 
aquatic plants and subsequent increase in plant material 
entering the system, in an environment where buffering 
capacity (1.e. the concentration of neutralising cations in 
the catchment) was low, resulted in declining wetland 
pH. Through its decay, organic material increases 
the concentration of humic acid in water bodies 
(Bowling, 1988) and can eventually increase to a point 
that transforms estuaries into acidic coastal swamps 
(Marius & Lucas 1991). Increased production and/ 
or preservation of aquatic plant material is indicated 
by the increase in organic content at 158 cm. Thus, 
decreasing salinity and pH associated with this change 
advantaged the dominant diatom species in Eighteen 
Mile Swamp. The vast majority of these are non- 
planktonic species and prefer acidic systems including 
Frustulia rhomboides (pH optimum 5.2-5.75; Cameron 
et al., 1999) and Eunotia flexuosa (pH optimum 5.7, 
Stevenson et al., 1991). 


At a depth of 115 cm (approximately 380 years BP), 
the planktonic diatom Aulacoseira crenulata was 


dominant, suggesting a phase of relatively deep water 
(Benchley & Harper, 1998). However, subsequent 
to this, the record was dominated by benthic and 
epiphytic species, which rely on light penetration to 
the substrate for photosynthesis (Bennion et al., 2010). 
This suggests that approximately 350 years BP either 
water levels decreased or the water body became less 
coloured by humic substances or gilvin (Kirk, 2010). 
There were some slight fluctuations in pH prior to the 
period of diatom dissolution, however the source of 
these fluctuations is uncertain. 


DIATOM DISSOLUTION (~290-120 YEARS BP) 

Diatoms are not preserved in the sediment deposited 
between 290 and 120 years BP, as a result of diatom 
dissolution. Diatom dissolution fundamentally limits 
proxy records of wetland development (Battarbee 
et al., 2005). There are several potential causes 
of dissolution including changes in salinity, pH, 
temperature, the availability of silica in the system or 
a combination of these factors (Ryves et al., 2001). 
In addition, the composition of the initial diatom 
assemblage affects its susceptibility to dissolution as 
some species are less strongly silicified and/or have a 
greater surface area and thus are less likely to preserve 
(Battarbee et al., 2005). The availability of silica within 
Eighteen Mile Swamp is potentially an explanation 
for the diatom dissolution during this time. As silica 
is fundamental to the formation of diatom valves, the 
growth of diatom communities and preservation of 
the valves after death will be limited if the availability 
of silica decreases (Snoeijis & Weckstrom, 2010). 
Often, the absence of silica in a system will lead to 
the recycling of silica from surface or near surface 
sediments by means of diatom dissolution (Lent 
& Lyons, 2001). This is a possible explanation for 
dissolution in the Eighteen Mile Swamp record, as 
several other wetlands on North Stradbroke Island 
including Swallow Lagoon, Ibis Lagoon and Shag 
Lagoon, have very low silica concentrations and no 
fossil diatom preservation (Barr, unpublished data). 


PRESENT ACIDIC FRESHWATER WETLAND 
(~120 YEARS BP — PRESENT) 

For approximately the last 120 years, the pool sampled 
at Eighteen Mile Swamp has remained relatively similar 
to its present state, with only slight variability over 
time. Since the end of the period of diatom dissolution, 
the diatom assemblage and pH reconstruction (Figure 
6) suggest that the wetland has maintained a state of 
low salinity and low pH (between 5.4-5.7). The same 
diatoms that were found prior to the period of dissolution 
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are common throughout the most recent history (e.g. 
Frustulia rhomboides and Eunotia species), with minor 
variations in relative abundances. In comparison to the 
earlier portions of the record, this period had slightly 
lower pH, with the exception of the first ~50 years 
following diatom dissolution, which recorded higher 
pH levels. This period includes the time of intensified 
human pressures since European settlement of the 
Island and severe recent droughts (e.g., the 2000-2006 
drought; Khan et al., 2008). However, there is little or 
no evidence that these phenomena affected the diatom 
community in the Eighteen Mile Swamp pool. 


STABILITY AND RESILIENCE OF THE POOL 
North Stradbroke Island was settled by Europeans in 
the early 1800s and numerous activities have been 
conducted that could potentially impact Eighteen Mile 
Swamp, including sand mining, water extraction, road 
construction/use and the introduction of the exotic fish 
Gambusia holbrooki (Durbidge & Covacevich 2004). 
Despite this, there were no indications of recent 
change in the ecology of the wetland. 


Prior to the period of diatom dissolution, pH fluctuated 
between pH 5 and 5.5, indicating a relatively stable 
state with low variability. The correspondence 
analysis also showed only slight variation in the recent 
samples. Other coastal wetlands, such as Tuckean 
Swamp (Taffs et al., 2008), have proven to be highly 
susceptible to changes in climate and environment. 
Further afield, Drexler & Ewell (2001) found that the 
1997-1998 drought caused a reversal of groundwater 
flow in coastal wetlands in Micronesia. The results of 
the present study suggest that unlike these other coastal 
systems, Eighteen Mile Swamp, or at the very least 
the pool we sampled, is highly resilient to climatic 
changes. This may also extend to its ability to endure 
anthropogenic interference. Human modification 
and interference has been known to influence and 
change the wetland pH and alter diatom compositions 
(Battarbee et al., 2010) through processes like acid 
“rain” (Mason, 1994) and contamination from mine 
tailings (Turcotte et al., 2009). However, no noteworthy 
or abrupt changes within the most recent record (last 
~120 years) that may correlate with major human 
disturbance were seen in the diatom assemblages 
based on the established chronology. 


The pool sampled for this study thus appears to have 
stabilised quickly and persisted despite well documented 
changes in both climate and anthropogenic pressure 
since its formation suggesting that the pools of Eighteen 
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Mile Swamp are particularly resilient to change. It is 
likely that this stability relates to the constant supply of 
groundwater to the wetland from the aquifers that are a 
prominent feature of the hydrology of North Stradbroke 
Island (see Leach, 2011). 


CONCLUSION 

This study of a freshwater pool in Eighteen Mile 
Swamp, North Stradbroke Island indicates that 
the Swamp is a recent feature in the landscape. It 
also suggests that the environment at the core site 
has been relatively stable since the transition from 
marine influenced to freshwater environments 
(notwithstanding an unexplained phase of diatom 
dissolution). This observation applies to the site’s 
apparent resistance to both natural and human 
induced perturbation. Given that Eighteen Mile 
Swamp is a complex wetland that contains a mosaic 
of open water pools, fen-like environments and more 
terrestrial locales that support small trees, a much 
larger study would be required to fully document the 
history of this complex system. 
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ENVIRONMENTAL CHANGE AT MYORA SPRINGS, NORTH STRADBROKE 


ISLAND OVER THE LAST MILLENNIUM 


MOSS, P., PETHERICK, L. & NEIL, D. 


A palaeoecological record has been constructed for Myora Springs, North Stradbroke Island that 
provides a detailed picture of environmental change for this site over the last millennium. From 
~800 to 500 years ago the site is dominated by paperbark (Melaleuca) swamp surrounded by open 
eucalypt woodland and only a small amount of rainforest. This period may reflect the drier conditions 
of a persistent ‘warm’ El Nifio Southern Oscillation event possibly associated with the Little Ice Age 
phenomenon. From ~500 to 200 years ago the vegetation composition of the swamp and surrounding 
dryland communities changes, with a greater representation of she-oak (Casuarinaceae), rainforest and 
pteridophytes at the expense of the Me/aleuca and eucalypts, suggesting wetter conditions. From ~200 
years ago to the middle/late 20" century there is clear evidence of European settlement with increased 
representation of paperbark swamp and open eucalypt woodland at the expense of the Casuarinaceae 
reflecting a shift in fire regimes, most likely associated with European arrival. In addition, the cessation 
of sedimentation and the dominance of the site by the modern rainforest community reflects the 
construction of the East Coast Road and channeling of swamp waters through a single channel from 
the mid to late 20" century. 
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INTRODUCTION 

North Stradbroke Island (NSI) is a large Pleistocene- 
Holocene aged sand island forming the eastern side 
of Moreton Bay in southeast Queensland. The dune 
systems of the island were created by aeolian movement 
of sand, largely during glacial periods, which formed 
a series of parabolic dunes shaped by southeasterly 
winds (Ward 2006). The parabolic dune form results 
from destabilisation (i.e. loss of vegetation cover) of 
an area of the dune field which is otherwise vegetated 
and stable. These dunes are generally between 100 and 
150 m high, with the highest point of the island being 
Mt Hardgrave (239 m.a.s.l.). Vegetation of the island 
consists predominantly of a mixture of dry sclerophyll 
forest, woodland and heath communities (Clifford and 
Specht, 1979). The island is 32 km long in a north- 
south direction, with a maximum width of around 11 
km at its northern end and covers an area of around 
285 km? in a roughly triangular shape. 


North Stradbroke Island is an important water resource. 
This is due to the geomorphology of the island, with 
the sand allowing easy infiltration of rainwater and the 
volcanic and sandstone bedrock assisting the retention 
of a large freshwater lens. The resultant groundwater 
mound exerts pressure on the surrounding seawater, 


keeping the freshwater/seawater interface away 
from the coast (Bedford, 2006). The large volume 
of water within the island supports numerous 
freshwater springs (e.g. Myora Springs and Eighteen 
Mile Swamp) and window lakes (e.g. Blue Lake) 
with these lakes (i.e. depressions) and springs (i.e. 
on the island edges) occurring at the interface of 
the island’s water table. Numerous perched lakes 
(e.g. Brown Lake, Native Companion Lagoon and 
Welsby Lagoon) also occur and these lakes are 
formed in depressions where an impermeable layer 
has formed in the soils near the surface, preventing 
water from percolating to the water-table. These 
layers are the result of chemical reactions between 
soil and water that precipitate organic and inorganic 
matter in the soil profile (Timms 1986). More than 
seventy-five lakes, swamps, creeks and other water 
features (collectively called wetlands) are found 
on the island and this wide array of wetland types 
provides the capacity to reconstruct different aspects 
of past environmental conditions through a variety of 
different palaeoenvironmental proxies (e.g. pollen, 
charcoal, diatoms, dust analysis, isotopic analysis and 
chironomids). In particular, these records, including 
Myora Springs, provide the ability to assess the 
relative impacts of natural climate variability and 
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human impacts on the island, as well as the broader 
subtropical environments of eastern Australia. 


In terms of human history of the island there is 
direct archaeological evidence from the Wallen- 
Wallen Creek site that people have been present 
continuously on NSI for at least the last 20,000 
years (Neal and Stock, 1986). This site also 
suggested an intensification of occupation during 
the late Holocene period, with a significant increase 
in artifacts and burning over the last 5,000 years. 
The main Aboriginal impact on NSI was linked to 
hunter-gather activities, although they may have 
used fire to shape the local vegetation communities 
of the island (Clifford and Specht, 1979). European 
settlement of North Stradbroke Island dates back to 
1827 when Dunwich was established as a convict 
settlement. Farming was attempted on the island 
(cotton farming was reported at Myora in 1828) 
but was abandoned. More recently, a plantation 
of slash pine (Pinus elliotii) was established near 
Brown Lake in the 1960s (Clifford and Specht, 
1979). Major economic activity on the island is now 
related to tourism and sand mining (which began in 
the 1950s) for rutile, zircon and glass sand. 


Few palaeoecological studies have been conducted 
on NSI, with Boyd (1993) producing a late Holocene 
pollen record from Eighteen Mile Swamp sediments; 
Pickett et al. (1984; 1985) examined fossil corals 
buried beneath a high dune near Amity, which were 
dated to 105,000 years ago and suggest a sea level close 
to present levels for this time period; and Petherick 
et al. (2008a; 2008 b) and McGowan et al. (2008) 
reconstructed past environments of the island and 
eastern Australia through analysis of a combination of 
aeolian transported material (i.e. dust) and pollen for 
the last 40,000 years. 


In this study, a pollen record from Myora Springs 
on North Stradbroke Island for the last 800 years is 
presented. This record permits the investigation of 
vegetation alterations that have occurred over this 
period, particularly the age of the rainforest that is 
currently occupying the site, as well as allowing an 
examination of the possible impacts people (both 
Aboriginal and European) have had on the environment 
of the springs. Further, the sedimentary setting, past 
fire regimes and human history are also investigated to 
provide a more comprehensive environmental record 
for North Stradbroke Island with some implications 
for the subtropical eastern Australian region. 
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MATERIALS AND METHODS 

STUDY SITE 

Myora Springs is situated on the west coast (Moreton 
Bay side) of North Stradbroke Island at 27° 28’ 08S, 
153° 25’ 29”E and 2 m.a.s.l. (Figure 1). The nearest 
town is Dunwich, approximately 4 km to the southwest, 
and the site is bordered by Moreton Bay to the west 
and the East Coast Road to the east. North Stradbroke 
Island experiences warm, moist summers (~29°C) with 
mild winters (~14°C). Rainfall is summer dominated 
(1.e. November to April) and average annual rainfall is 
between 1500 (west coast) to 1700 mm (east coast) per 
year. During the winter months winds are predominantly 
from the southwest and in summer (period of strongest 
winds), south-easterlies prevail at 9 am observations 
and north-easterlies at 3 pm observations. The dominant 
vegetation on NSI reflects dune age (i.e. follows a 
retrogressive succession process) with coastal closed 
forest/scrub found on the youngest Holocene dunes; 
eucalypt open forest on the intermediate Pleistocene 
aged dunes; and eucalypt woodland and wallum heath on 
the oldest Pleistocene dunes (Clifford and Specht 1979; 
Thompson 1981; Walker et al. 1981). The rainforest 
community at Myora Springs is relatively unique for 
NSI with the island’s vegetation dominated by open 
eucalypt forest and woodland. The western side of the 
rainforest community is bordered by mangrove forest 
(mainly Avicennia marina and Rhizophora stylosa) and 
paperbark (Melaleuca) swamp occurs on the eastern 
side, i.e. across the East Coast Road (Figure 1). 


Moreton 
Bay 


Mangroves 
[ial] Rainforest 
C_] Melaleuca Swamp 
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ees Fast Coast Road 


North 





FIG. 1. Location of the Myora Springs core site. 
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TABLE 1. AMS C'* ages for the Myora Springs sediment core. 


Modern (ANSTO) Since 1950 AD 


Depth (cm) 


O—1cm 


31-32 cm 


METHODOLOGY 

One 32 cm long sediment core was obtained from an 
area of exposed peat (Figure 2) located between the 
edge of the rainforest and the intertidal mangrove forest 
at the Myora Springs site (Figure 1). Nine (1 cm?) 
samples were taken at four centimetre increments along 
the core for pollen, charcoal and Loss-On-Ignition 
(LOI) analysis. The samples were prepared for pollen 
analysis using the technique developed by van der Kaars 
(1991). This involved using sodium pyrophosphate to 
disaggregate the sediments, which were then further 
processed by using sodium polytungstate (specific 
gravity of 2.0) to float the lighter organic fraction from 
the heavier minerogenic component. The samples then 
underwent acetolysis to darken the pollen grains and 
aid their visibility under a light microscope. All samples 
were mounted in glycerol, with pollen identification 
and counting undertaken using a light microscope 
at x400 magnification and the pollen sum consisted 
of a minimum of 300 dryland pollen grains or two 
completely counted slides. Charcoal analysis involved 
counting all black angular particles above 5 um in 
diameter as carbonized particles across three evenly 
spaced transects across slides at all depths. Pollen and 
charcoal concentrations were determined from counts 
of exotic Lycopodium marker grains, which was added 
as a tablet with a known Lycopodium concentration 
at the start of the pollen analysis (Wang et al. 1999). 
The pollen diagram was produced using TGView 
(Grimm 2004) and was divided into zones based on the 
results of a stratigraphically constrained classification 
undertaken by CONISS (Constrained Incremental Sums 
of Squares cluster analysis; Grimm 1987, 2004) on 
taxa contained within the pollen sum. Age control was 
based on AMS radiocarbon dating of bulk sediments 
from the core with one radiocarbon date determined by 
the University of Waikato and two radiocarbon dates 
determined by the Australian Nuclear Science and 
Technology Organization (ANSTO). The Hughen et al. 
(2006) chronology was used to provide calibrated ages 
for the record and the dates are presented in Table 1. 
In addition, sediment samples underwent LOI analysis, 
which involved heating the samples at 490°C for 12 


15-— 16cm 220+40 years BP (ANSTO) 254+40 calendar years BP 


652+29 years BP (Waikato) 753+29 calendar years BP 





hours to remove the organic fraction from the samples 
and these results are included in Figure 3 (as percentage 
ash content or inorganic fraction). LOI analysis 
provides information on the ratio of the organic and 
inorgranic (mineral) fractions of the sediment that may 
provide information on environmental alterations, e.g. 
increased inorganic values associated with increased 
soil erosion related to drier climates, increased burning 
or human land clearance. 


RESULTS 

The Myora Springs pollen record is dominated by 
sclerophyll arboreal taxa, particularly Melaleuca, 
Eucalyptus and Casuarinaceae, as well as containing 
a significant component of rainforest taxa (mainly 
podocarps, palms and Syzygium) and ferns (Figure 3). 
The classification of the pollen undertaken on the core 
identified three zones and these zones are categorized 
by both depth (cm) and age values [calendar years 
Before Present (BP)]. 


ZONE MI (32 TO 24 CM; ~800 TO 550 CALENDAR 
YEARS BP) 

This zone observes the highest representation 
of Melaleuca and Pandanus, while  eucalypts, 
Casuarinaceae and Callitris are also important 





FIG. 2. Photograph of the Myora Springs site. 
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; scelrophyll arboreal taxa at this time. Rainforest taxa 

*“¢  makeup~15% of the pollen sum, while sclerophyllous 

: herbs, mainly Poaceae, are a relatively minor 

*= component (less than 10%). In terms of the wetland 

*" taxa, pteridophytes, particularly monolete fern spores, 
—3 


CONISS 


are the most significant taxa, while mangroves (mainly 
Avicennia marina) and aquatics (mainly Nymphoides), 
maintain relatively low values. Charcoal values are at 
their highest in the record at 28 and 24 cm and ash 
content (~80%) is also highest in this zone. 


Zone 
M3 


20 40 60 80 








&, %, 
% A * ~2 ZONE M2 (20 TO 8 CM; ~550 TO 120 CALENDAR 
My : YEARS BP) 
“ey “A significant increase in Casuarinaceae, rainforest 
on 2 (up to 30% of the pollen at 8 cm) and pteridophytes 
© 3 is observed in this zone. There are slight increases 
ts : . : in Baecka/Tristania, Leptospermum and Banksia 
ee, | ok z  . es — fepresentation. Pandanus values sharply decline, while 
& % a. A RK there is a decrease in representation of Melaleuca and 
% ; _ 4g |. &ucalyptus. Grass and Asteraceae (Tubulifloreae) 
%. Ye : increase towards the top of this zone. Mangroves have 
% , ica : ; ong 8 their highest representation in the record and there is 
% | 3 a gradual decline in aquatic values (with the virtual 
ey | g elimination of Nymphoides). Both charcoal and ash 
: M% : : ¢ content values sharply decline, with both having 
Me, g their lowest representation, although there is some 
a, %. : < variability in ash content (from 70 to 40%). 
ey r tc 
On oy } : —— C ZONE M3 (4 TO 0 CM; ~120 TO 0 CALENDAR 
%, “ey , oH f YEARS BP) 
me a_i > A sharp decline in Casuarinaceae, Baecka/Tristania, 
a 2 Leptospermum and rainforest representation is seen in 
Oa , ae this zone. Eucalypt, Melaleuca and pteridophyte values 
bes _f a _f initially increase markedly at 4 cm, but then sharply 
%, es 4 decline in the top samples. Callitris, Banksia and grasses 
ey, * maintain consistent representation and there is a significant 
%e Co, ; . increase in Asteraceae (Tubulifloreae) abundances. Both 
Se od i ; : mangroves and aquatics maintain low values in this zone. 
SL. . Charcoal values increase in this zone, while ash content 
le, ) = maintains consistent values around 60%. 
on g 
My : tot 3 DISCUSSION 
% ey eh &f g ; ; Z This study from Myora Springs demonstrates some 
ar if + significant changes in vegetation and fire regimes over the 
“by tae last millennium. These changes appear to be associated 
"eye _ with both natural climatic variability, linked to the El 
5 a ct 
Y 


0) 
5 
0 
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0 
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FIG. 3. The Myora Springs pollen, charcoal and ash content 
(ia 8iK “e0) 268 ede diagram. The solid lines reflect the vegetation zones derived 
from the classification of the pollen taxa and the chronology 
is derived from the AMS C'* ages shown in Table 1. 
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Nifio Southern Oscillation (ENSO) phenomenon, that 
occurs over this time period and the impacts of European 
landscape modification since the 1820s. 


Major control of Australia’s contemporary climate 
is exerted by interannual to decadal scale variability. 
Variations in sea surface temperatures in the Indo- 
Pacific Warm Pool linked to the ENSO phenomenon 
can dramatically impact the seasonal movements 
of the Intertropical Convergence Zone (ITCZ), 
subtropical highs and westerlies, which can have a 
direct influence on precipitation in eastern Australia, 
with ‘warm’ ENSO events generally associated with 
a decrease in precipitation and tropical storm activity 
and ‘cool’ ENSO events generally characterised by 
increased rainfall and storm activity (Nicholls 1991). 
It has been suggested by Tudhope et al. (2001) and 
Turney et al. (2004) that ENSO cyclicity has operated 
continuously over the late Quaternary period at 
the interannual, millennial and orbital time scales 
and ENSO is believed to have achieved its modern 
climatology in the mid-Holocene (e.g. Shulmeister 
and Lees 1995). More recent research indicates that 
there have been significant changes in ENSO state 
over the last 1500 years (Moy et al. 2002; Cobb et 
al. 2003; Rein et al. 2004). From 1500 to 1000 years 
ago there was a transition to dominant ‘cool’ ENSO 
events resulting in wetter conditions for eastern 
Australia (Stott et al. 2004; Markgraf and Diaz 2000; 
Goodwin and Mayewski 2007; Mann et al. 2009). 
This was followed by an abrupt shift to a persistent 
‘warm’ ENSO state, which peaked from 700 to 500 
years ago, and was associated with increased drought 
in eastern Australia (Goodwin et al. 2004; Goodwin 
and Mayewski 2007; Donders et al. 2007). Gagan et 
al. (2004) and Hendy et al. (2002) have suggested 
that this period of persistent El Nifio events may be 
the Southern Hemisphere manifestation of the Little 
Ice Age event and indicates a possible teleconnection 
between Northern and Southern Hemisphere climates. 
Finally, from 500 years ago to present there was a 
shift to increasing climatic variability associated with 
dramatic shifts between ‘warm’ and ‘cool’ ENSO 
events, reinforced by decadal scale climatic variability 
associated with the Interdecadal Pacific Oscillation 
(IPO) phenomenon, that characterize modern climate 
regimes and hydrology for Australia (Markgraf and 
Diaz 2000, Hendy et al. 2002; MacDonald and Case 
2005; Brockwell et al. 2009). 


The 800 year palaeoecological record from Myora 
Springs appears to be reflecting these alterations 


in climatic regimes, with the M1 zone reflecting 
the persistent ‘warm’ ENSO conditions between 
800 to 500 years ago. This is demonstrated by the 
significant presence of fire tolerant eucalypt forest and 
woodland, paperbark swamp, charcoal peaks and high 
inorganic sediment content in the core reflecting drier 
conditions possibly associated with the Little Ice Age 
event. Wetter conditions are observed in the record 
from 500 years ago, with an increased representation 
of fire sensitive Casuarinacaeae (both in the forest/ 
woodlands and swamp communities), rainforest taxa 
and pteridophytes, as well as decreased charcoal 
and inorganic sediment abundances, in zones M2 
and M3. Although this period has been associated 
with increased climatic variability (Markgraf and 
Diaz 2000, Hendy et al. 2002; MacDonald and Case 
2005; Brockwell et al. 2009), the Myora Springs 
records suggests that overall this interval would have 
experienced higher precipitation than the earlier dry 
episode between 800 and 500 years ago. Subsequent 
vegetation changes in zone M3 are more likely to be 
associated with human landscape modification (e.g. 
drainage changes, road construction and alterations in 
fire regimes) than significant climatic variability. 


The Myora Spring record does not appear to show 
obvious impacts on the environment by Aboriginal 
people over the last 800 years. However, the climatic 
variability described above may have significantly 
impacted resource availability at the site and across 
North Stradbroke Island. Drier conditions between 
800 to 500 years ago may have resulted in people 
concentrating around permanent water resources, such 
as Myora Springs. This increased occupation may be 
reflected by the increased burning observed in the 
record at this time, with fires linked to anthropogenic 
activity reinforcing the higher fire regimes associated 
with drier conditions during this period. Wetter 
conditions from 500 years ago may have allowed people 
to disperse across the island, perhaps suggested by the 
decline in charcoal observed in this period, although 
the increased climatic variability observed during this 
period may have resulted in people moving back to 
sites such as Myora Springs during prolonged drought 
events. Turney and Hobbs (2006) and Williams et al. 
(2010) have examined how the ENSO phenomenon 
influenced Aboriginal populations during the mid 
to late Holocene period. Overall, with the onset of 
modern ENSO conditions from 5,000 years ago, 
Aboriginal populations appear to increase (Turney 
and Hobbs 2006), and this pattern is also observed 
on North Stradbroke Island from the archaeological 
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record at Wallen Wallen (Neal and Stock 1986). 
However, at a finer resolution there appear to be 
significant shifts in Aboriginal populations, with the 
increased archaeological signatures observed in eastern 
Australia between 1000 to 500 years ago reflecting a 
response to resource scarcity through the development 
of new subsistence strategies and exploitation of 
more marginal environments and the more variable 
archaeological signatures of the last 500 years 
reflecting increased climatic variability (Williams et 
al. 2010). The Myora Springs record clearly reflects 
these alterations in climate, which would have 
influenced Aboriginal subsistence strategies but more 
archaeological and palaeoecological information is 
needed from NSI to clarify the possible relationships 
between alterations in Aboriginal resource use and 
climate variability during the mid to late Holocene. 


The signature of European settlement and associated 
impacts are clearly evident in the pollen record at 
Myora Springs. The top zone (M3) observes an 
initial increase followed by a subsequent decrease 
in burning, which is also associated with an 
increase in Eucalyptus and Melaleuca and decline 
in Casuarinaceae reflecting an alteration in fire 
regimes associated with European land management 
practices. These alterations are seen in similar aged 
records, such as Native Companion Lagoon, Tortoise 
Lagoon, Blue Lake and Welsby Lagoon, across the 
island (Petherick et al. 2008b; unpublished data) 
and indicate a landscape wide response that requires 
further investigation. More subtle indicators of 
European colonization are also observed, with 
the rainforest disturbance indicator Macaranga/ 
Mallotus increasing from 12 cm and pteridophytes, 
which also respond to increased light availability, 
increasing at 4 cm and suggesting the development 
of more open plant communities over the last 180 
years. In addition, a significant increase in grass and 
daisy pollen occurs in the M3 zone that are also key 
indicators of European impacts through the addition 
of weed species and opening up of the landscape 
through road construction and other settlement 
activity. In fact, the construction of the East Coast 
Road, which reached Myora Hill (the south side of 
Myora Springs) by 1970 and finally completed by 
1978, profoundly altered the hydrology of Myora 
Springs through blocking and channeling water flow 
at the site. Furthermore, Durbidge and Covacevich 
(1981) describe Myora Springs as a popular watering 
spot for boaters and that freshwater was channeled 
Over a wooden race into a small swimming hole, 
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suggesting that the drainage of the springs may have 
been altered since at least the 1950s. The pollen record 
clearly reflects these alterations, suggesting that 
prior to road construction and spring channelization 
the site was occupied by a paperbark-sheoak swamp 
over the last 800 years, with rainforest and open 
scelrophyll forest fringing the site. The alteration in 
drainage resulted in the swamp contracting and being 
replaced by the current rainforest community. The 
completion of the East Coast Road, along with the 
modern radiocarbon date at 0 cm (Table 1), suggests 
that this was a relatively recent event (i.e. ~half a 
century) and illustrates how quickly vegetation 
communities can respond to significant alterations in 
hydrology associated with human activity. 


In summary, the Myora Springs pollen record 
provides insight into how shifts in climate and 
European settlement can dramatically impact plant 
dynamics and community structure. In particular, 
it illustrates how the plant communities at Myora 
Springs on North Stradbroke Island respond to 
ENSO variability, in particular through evidence 
of a prolonged drought seen at this site between 
800 and 500 years ago that may represent a period 
of persistent El Nifio events and support the 
suggestions of Gagan et al. (2004) and Hendy et 
al. (2002) that this period may be the Southern 
Hemisphere manifestation of the Little Ice Age 
event, although further research is required to 
confirm this possible teleconnection. Furthermore, 
the record also indicates how significant human 
environmental impacts (i.e. European settlement) 
can override the underlying climatic signal through 
alterations in fire regimes shifting vegetation 
patterns (i.e. expansion in fire adapted myrtaceous 
taxa), expansion in weed taxa and other disturbance 
indicators, as well as significantly altering hydrology 
through road construction and spring channelization 
to inadvertently change a swamp into a pocket of 
rainforest in a relatively short time. 
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INTRODUCTION 
There have been previous accounts of the species 
occurring on particular dune islands (White 1924, 
Blake 1968, Clifford & Specht 1979, MacRae 1996, 
Searle & Madden 2006, Stephens & Sharp 2009). 
This paper aims to present the current verifiable list 
of species known to occur on the dune islands, as 
represented by voucher specimens at Queensland 
Herbarium. It highlights the need for continued 
collection of good quality plant specimens as 
vouchers to be incorporated into the Herbarium 
collection to further improve the species knowledge 
of our sand island ecosystems. The current extent of 
regional ecosystems on the islands is also presented. 


MATERIALS AND METHODS 
HERBRECS is a database of specimen label information 
for the herbarium specimen collections preserved at 
Queensland Herbarium, Toowong. The preserved 
plant specimen is a verifiable record of each data entry, 
ensuring great accuracy. As plant name changes occur, 
the HERBRECS database is updated to reflect these 
changes, ensuring long-term relevance of the records. 
Anyone can request information from HERBRECS. 
The specimens retained at Queensland Herbarium 
come from a variety of sources, over a long historical 
time period. Researchers and vegetation survey 
ecologists have contributed most of the specimens 
from the sand islands, but there are also many excellent 
specimens from the general public incorporated into the 
collection. Specimens retained for incorporation into the 
herbarium collection are fertile material (flowering and/ 
or fruiting), properly pressed and dried, with good label 
information such as an accurate location, description of 
the habitat and habit of the plant and its abundance at 


the site. This specimen label database was interrogated 
to extract specimen records for each of the five major 
sand dune islands of south-east Queensland: Fraser 
Island, Moreton Island, Bribie Island, North Stradbroke 
Island and South Stradbroke Island. As many of the 
early records only referred to “Stradbroke Island”, 
it was decided to merge the records for both North 
and South Stradbroke Islands. The four island groups 
were then compared for floristic information. The 
information presented is based on herbarium voucher 
specimens only, so that it is an accurate and verifiable 
baseline snapshot of the known information on the flora 
of each of the islands. However, the specimen record, 
while comprehensive, does not include every species 
known to occur on the islands. It highlights the need for 
targeted collection and incorporation of specimens into 
the Herbarium collection to fill these data gaps. 


Vegetation survey and mapping of the islands 
(Neldner et al. 2005) has resulted in classification of 
the vegetation on the islands into regional ecosystems 
(Sattler & Williams 1999) to allow assessments to 
be made for planning purposes. Regional ecosystem 
mapping incorporates geology, topography and soil 
as well as vegetation community. The stereoscopic 
interpretation of the best available early aerial 
photography (usually 1960s), with ground site survey 
to validate, has formed the basis of “pre-clearing” 
regional ecosystem mapping (Neldner ef al. 2005). 
The maps produced are stored as GIS layers, to enable 
rate of change of different regional ecosystems to be 
analysedatregular intervals. Thelatestsatellite imagery, 
which distinctly shows clearing of vegetation, is used 
to update current regional ecosystem boundaries. The 
version of the regional ecosystem mapping used for 
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TABLE 1. Most common plant families on the dune islands 
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comparative area analysis for this paper is the 2006b 
release (Queensland Herbarium 2006). 


RESULTS AND DISCUSSION 

TOTAL SPECIES 

The total number of species recorded from all 
dune islands is 1232 (Appendix 1). There are 
288 weed species (23.4% of total species) and 22 
threatened species (1.8% of total species) found on 
the islands. Threatened species include those listed 
as Presumed Extinct, Endangered, Vulnerable or 
Near Threatened under the Nature Conservation Act 
1992. The Stradbroke Islands have 760 total species 
recorded; Fraser Island has 704 species; Moreton 
Island 532 species and Bribie Island 438 species. 
It would be expected that Fraser Island would have 
the greatest species numbers, as it is the largest in 
area, and has a more complex rainforest component 
than the other islands. The numbers of species 
reflect the intensity of specimen collecting activities 
undertaken on the different islands, rather than true 
Species counts for each island. Vegetation survey and 
mapping (McDonald & Elsol 1984) contributed a 
comprehensive species list for the islands. The greater 
number of species on the Stradbroke Islands may be 
a result of weed surveys done by George Batianoff 
in 2005. A recent survey of South Stradbroke Island 
(Searle & Madden 2006) added to the information for 
that island. There is a history of surveys for mining 
company operations and recently for the flora of North 
Stradbroke Island (Stephens & Sharp 2009), which led 
to increased specimen collection and incorporation for 


these islands. There has been an increase in known 
Species since earlier surveys. For instance, Moreton 
Island has risen from 482 (Durrington 1976), with an 
additional 28 species recorded later that year (Palmer 
& Coaldrake 1976) to current 532 species. A survey 
on Fraser Island (Curtis 1966) listed only 52 species. 
So, although there have also been vegetation surveys 
on Fraser, Moreton and Bribie Islands, these have not 
always been primarily aimed at specimen collecting. 


PLANT FAMILIES 

Herbarium records from each of the islands were 
examined and comparisons made. The family with 
the most species is Poaceae followed by Cyperaceae 
(Table 1). This reflects the open nature of much of the 
forests, woodlands and shrublands on the islands and 
the variety of sedgelands included in the sand island 
landscape. There is a large number of fern species with 
72 being recorded from the islands. There is also a large 
number of ground orchid species, with 65 recorded 
from the islands. The dune islands are favourite field 
day locations for specialist groups such as fern and 
orchid enthusiasts. The major heath families Fabaceae, 
Myrtaceae, Ericaceae, Proteaceae and Rutaceae are 
well represented indicating the wonderful wildflower 
displays occurring on these islands in the spring months. 
The heath families are well adapted to the low nutrients 
and low water status of the free draining sand soils of the 
dune islands (Specht & Specht 1999). There has been 
much research into the specialised root adaptations and 
other adaptations in these families which enable them 
to exist in this environment (Specht 1979, 2009). 
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REGIONAL ECOSYSTEMS 

The sizes of the islands varies considerably with 
Fraser Island being the largest (165,438 ha) and 
Bribie the smallest (14,748 ha) of the dune islands. 
The most widespread ecosystem is RE12.2.6, 
Eucalyptus racemosa subsp. racemosa, Corymbia 
intermedia, Corymbia gummifera, Angophora 
leiocarpa and Eucalyptus pilularis shrubby or 
grassy woodland to open-forest. Fraser Island pre- 
clearing regional ecosystem mapping had 51,585ha 
(31% of total area), Stradbroke Islands 9,965ha 
(35% of total area), and Moreton Island 6,528ha 
(38% of total area) of this ecosystem. Bribie Island 
differs in that this regional ecosystem does not occur 
on the island, as it lacks the ancient high dunes 
found on the larger islands. On Bribie Island the 
dominant regional ecosystem is 12.2.7, Melaleuca 
quinquenervia open-forest to woodland. This 
reflects the more low-lying, swampy topography of 
this island. There was 3,932ha (28% of total area) 
of this ecosystem on the island, in pre-clearing 
regional ecosystem mapping. 


There have been a variety of historical land uses on 
the sand islands which have resulted in vegetation 
clearing (Accad et al. 2008).A comparison of remnant 
vegetation with pre-clearing vegetation reveals the 
extent of this clearing (Queensland Herbarium 2006). 
Remnant vegetation is defined as vegetation with 
greater than 75% height and greater than 50% cover 
of original vegetation community (Neldner ef al. 
2008). Fraser Island, which is world heritage listed, 
has had a small net amount of clearing with only 
0.5% of pre-clearing mapped vegetation being lost. 
Although Fraser Island has been selectively logged 
in the past, these areas would be mapped as remnant 
under the definition. North Stradbroke Island has 24% 
cleared; South Stradbroke Island has 28% cleared. The 
Stradbroke Islands have had sand mining activities 
and tourism developments as impacting land uses. 
Bribie Island has had 40% clearing. The main land use 
here is residential development, including a number 
of canal estates. Vegetation cover on Moreton Island 
has increased in size from pre-clearing vegetation, 
with a small increase of 0.4% in vegetation cover. 
The increases are in mangroves, foredune complex 
and sandblows regional ecosystems, reflecting the 
dynamic nature of these communities. 


The area of each regional ecosystem (Queensland 
Herbarium 2006) as percent of total island vegetation 
is given in Table 2. 


WEEDS 

There are a total of 288 naturalised species recorded 
from the sand islands and a further 9 doubtfully 
naturalised (Appendix 1). Stradbroke Islands are 
the most weedy of the sand islands with 230 weed 
species recorded (Table 3). This represents 30.3% of 
the total flora. George Batianoff, a weeds specialist, 
has undertaken weed surveys on Stradbroke Islands 
(Batianoff 2005) and Moreton Island (Batianoff 2003). 
No weed collecting surveys have been undertaken on 
Bribie or Fraser Islands. 


The most common weeds on the dune islands are 
exotic grasses and escaped garden plants. The top 
three weeds from each island are presented in Table 3. 
Other significant weeds are Sphagneticola trilobata, 
Singapore daisy, Schinus terebinthifolius, broad- 
leaved pepper tree, Euphorbia cyathophora, painted 
spurge, Catharanthus roseus, pink periwinkle, Pinus 
elliottii, slash pine and Syagrus romanzoffiana, queen 
palm. All weeds species collected for each island are 
shown in Appendix 1, represented by an asterix (*) 
in status column. Doubtfully naturalised species are 
represented by D in this column. 


RARE AND THREATENED SPECIES 

There are 22 threatened species (Presumed Extinct, 
Endangered, Vulnerable or Near Threatened) recorded 
from the dune islands (Table 4). Stradbroke Islands have 
the largest number of threatened species with 15 — five 
species are Endangered, six Vulnerable, and four Near 
Threatened. Fraser Island has 12 threatened species — 
two Endangered, four Vulnerable, five Near Threatened 
and one Presumed Extinct. Moreton Island has five 
threatened species one Endangered, one Vulnerable 
and three Near Threatened. Bribie Island has three 
threatened species recorded - two Endangered and 
one Vulnerable. Stradbroke Islands have two endemic 
species — Eleocharis difformis and Olearia hygrophila. 
Persoonia prostrata once endemic on Fraser Island is 
now presumed extinct. It is important that the small 
populations of the remaining endemic species be 
protected from any adverse impacts. 


CONCLUSION 
The current list reflects that more specimen collections 
have been made on the Stradbroke Islands than the 
other dune islands. Also there is a greater weed flora on 
Stradbroke Islands probably as a result of the land use. 


This analysis highlights the need for future survey 
work to be undertaken particularly on Fraser Island, 
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TABLE 2. Regional ecosystems of the dune islands showing relative proportion on each island (Queensland Herbarium 
2006b release). 


RE Description Biodiversity | Fraser Stradbroke | Moreton Bribie 
status 
Casuarina glauca open forest Endangered 
on margins of marine clay plains 
Saltpan vegetation including No concern 


grassland and herbland on at present 
marine clay plains 


Mangrove shrubland to low No concern 
closed forest on marine clay at present 
plains and estuaries 


12.2.1 Notophyll vine forest on Of concern 0.21 
parabolic high dunes 
12.2.2 Microphyll/notophyll vine forest | Endangered 0.005 
on beach ridges 
Araucarian vine forest on Of concern 
parabolic high dunes 
Syncarpia hillii, Lophostemon Of concern 
confertus tall open to closed 
forest on parabolic high dunes 


Corymbia spp., Banksia Of concern 11.35 14.89 10.02 
integrifolia, Callitris 
columellaris, Acacia spp. open 
forest to low closed forest on 
beach ridges usually in southern 
half of bioregion 
Eucalyptus racemosa woodland | Noconcern | 31.18 34.82 37.95 
on dunes and sand plains. at present 
Usually deeply leached soils 
Melaleuca quinquenervia or Ofconcern | 2.13 3.65 2.26 28.34 
M. viridiflora open forest to 
woodland on sand plains 
12.2.8 Eucalyptus pilularis open forest | No concern | 7.9 4.52 
on parabolic high dunes at present 
Banksia aemula woodland on Noconcern | 28.76 1.11 4.92 
dunes and sand plains. Usually | at present 
deeply leached soils 


122.10 | Mallee Eucalyptus spp. and Of concern 20.43 32.16 
Corymbia spp. low woodland 
on dunes and sand plains, 
especially southern sandmass 
islands. Usually deeply leached 
soils 


12.2.12 | Closed heath on seasonally No concern 21.33 
waterlogged sand plains at present 
12.2.13. | Open heath on dunes and Endangered 
beaches 
12.2.14 | Foredune complex Noconcern | 9.27 
at present 





COMPARATIVE FLORISTIC ANALYSIS OF VEGETATION ON 145 
THE DUNE ISLANDS OF SOUTH-EAST QUEENSLAND 


Description Biodiversity | Fraser Stradbroke | Moreton Bribie 
status 

Swamps with Baumea spp., No concern 12.49 
Juncus spp. and Lepironia at present 
articulata 

12.2.16 | Sand blows largely devoid of Ofconcern | 2.7 
vegetation 

12.3.1 Gallery rainforest (notophyll Endangered 
vine forest) on alluvial plains 
Melaleuca quinquenervia, Of concern 
Eucalyptus robusta open forest 
on or near coastal alluvial plains 
Melaleuca quinquenervia open | Ofconcern | 0.001 
forest on coastal alluvium 


0.003 


13.89 


Melaleuca quinquenervia, No concern 
Eucalyptus tereticornis, at present 
Lophostemon suaveolens 

woodland on coastal alluvial 

plains 


Swamps with Cyperus spp., Of concern 
Schoenoplectus spp. and 
Eleocharis spp. 

Eucalyptus tindaliae and/or Endangered 

E. racemosa open forest on 

remnant Tertiary surfaces 
12.12.19 | Vegetation complex of rocky Of concern 

headlands, predominantly but 

not exclusively on Mesozoic to 

Proterozoic igneous rocks 





au 


TABLE 3. Weed summary data for dune islands. 


Number of % weeds of total | Most commonly collected weeds 
weeds species 
Fraser 70 Eleusine indica Passiflora Lantana camara 
suberosa 
Moreton 112 21.1 Hydrocotyle Lantana camara | Baccharis 
bonariensis halimifolia 


Bribie 59 13.5 Gloriosa superba | Digitaria Asparagus 
didactyla aethiopicus cv. 
Sprengeri 


Stradbroke 2 Ipomoea cairica | Megathyrsus Asparagus 
maximus aethiopicus cv. 
Sprengeri 
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TABLE 4. Occurrence of threatened species on dune islands. 


a 
Blandfordia grandiflora Fraser, Stradbroke 


Status 
Endangered 
Endangered 
Endangered 
Endangered 
Endangered 
Vulnerable 
Vulnerable 
Vulnerable 
Vulnerable 
Vulnerable 
Vulnerable 
Vulnerable 
Vulnerable 
Vulnerable 

Year Threatened 
Year Threatened 
Year Threatened 
Year Threatened 
Year Threatened 


Year Threatened 





Year Threatened 


Presumed Extinct 





to collect voucher specimens and fill the knowledge 
gaps. It is hoped that future researchers will be able 
to use this snapshot as a baseline of plant biodiversity 
data known and verified at this point in history. This 
could be particularly useful for monitoring climate 
change impacts on species biodiversity. 
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Appendix 1. 2011 Floral Record of Dune Islands of South East Queensland (Source: HERBRECS, Queensland Herbarium). 
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fApiaceae = | Apium prostratum Labill. ex Vent. var. prostratum 


[Centellaasiatica (Ur tt 
Cyclospermum leptophyllum (Pers.) Sprague ex Britton Tae 

& P.Wilson 
miss Pa ee atrexspenyCreman fF [fT | 
fee (Panetta | fT 
frome Pane ienyeromn tt 
faomos | fRomtnepiowmae 
fms [ater 
famommne | [tenant 
fmomsne | [anaheim 


Catharanthus roseus (L.) G.Don 
| Apocynaceae | Cynanchum carnosum (R.Br.) Schltr. 


|Apocynaceae =] Hoya australis R.Br. ex Traill subsp. australis ia 


ome | sate ene FRPP 
SO 
ES EC 
ES 0 
ES 
a 
aC 
a 
Ea 
Ea 
EC 
a 


are 


ae 
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[araiacne |_| vdeo werctiaatawn i 
[araiacne |__| Pact eegan(CMoore EMIT) Hams | [1 | [| 
[araacee |_| Seer anopiita Enatyvarms fe fh 


Araucariaceae Agathis robusta (C.Moore ex F.Muell.) F.M.Bailey ] 


i 


Araucariaceae Araucaria cunninghamii Aiton ex A.Cunn. var. 


cunninghamii 


Archontophoenix cunninghamiana (H.Wendl.) H.Wendl 
& Drude 


Arecaceae 1 


Arecaceae 
Arecaceae 
Arecaceae 


Arecaceae 


Asparagus aethiopicus L. cv. Sprengeri 
Asparagus falcatus L 


Asparagaceae 
Asparagaceae 


Asparagaceae 


Asparagus virgatus Baker 
Aloe arborescens Mill. 
Asplenium australasicum (J.Sm.) Hook 


* 
* 
* 
* 
* 


Asphodelaceae 
Aspleniaceae 


Aspleniaceae 


; 
; 
[asteracere |__| Ades tener Ramis ————————*d 
Tasteicere [=| Agri adenophora Spreng) RMRig wR _[r |__| [1 
Tasteracene [= | gratin riparia (Reged RMKing ROD |r _| | | 
Tastercere [= | ager hestoniomum vad | 
Tastescere [®rst ici, ————SSSCS—~sSd id 
Tasteecene [= | Bocherishaimyot, f+ | _[r [ir _ 
Tastncere __[* | aeensbiimaat.—————S—S—SCS~—S | iY 
Tastrscere [> | atensptosa, SSCS 
Tastercere |__| nen tacera Gumi | | | 
Tastercere [> | Catocrpusviaisuess +t |_| | 
a 


Chrysanthemoides monilifera subsp. rotundata (DC.) es 
Norl. 


Ase [coma simatrensis Reayewaner [1 [| 
Asta [[comapsisiceotaa. ——————SSS~i ET | 


1 
1 
1 
1 
1 
1 

Aspleniaceae 

1 


Asteraceae 


Asteraceae 
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Asteraceae Coronidium elatum (A.Cunn. ex DC.) Paul G.Wilson 1 
subsp. e/atum 

Asteraceae Coronidium oxylepis (F.Muell.) Paul G.Wilson subsp. 
oxylepis 


| Asteraceae |_| Coronidium oxylepis subsp. carnosum Paul G.Wilson _| Coronidium oxylepis subsp. carnosum Paul G.Wilson le ailaenipet| ory 
Tasers |_| Cota aati Sitar ex Seng) Hoot. |_| [i] 
[aera |_| Gratin cineowm(LJHIRO. «dT tft 
[ater | Baiaprestata(y, | 
poses [in citi DE arsine | 
Tasteracene [=| Emit snc vajovnia Bur.) Mai 
a 


Erechtites valerianifolius (Wolf) DC. forma 
valerianifolius 


Asteraceae Galinsoga parviflora Cav. 


— 
— 


Asteraceae 


[astracere i 
[astracere |» | Gamocharacaiceps Femald)Cabrea ——_| | 
[astracese |» | Gamochartapenyvnica wits Cabrera fr [1 [| 
[astracere | * | Gasaniatinearis Thunb Dee —_——————*(t | fr | 
Ea A 
Ea TT 


Asteraceae Hypochaeris albiflora (Kuntze) C.F.Azevedo-Goncalves 
& Matzenb. 


ere a 0 
Tastrscere |_| Papacheris ratios ————SSSCS~—s Ei 
[asencese | * | Mentos rbiotbeuts———SSCSCS~sd YY | 
FAsteraceae = TE Olearia hygrophila (DC.) Benth. tia 


Asteraceae Picris angustifolia subsp. carolorum-henricorum (Lack) 
S.Holzapfel 


Taseacese |_| Pieris burtgae Sckapfel Sd 
[asics |_| Poel recon (nak Dns 

[aseracte |__| Poder toed ACinnexd0.—————~id 
Tastrscere | —d Poole elects GLRDavis————SS—~s CE 
[aseacne (|_| Preis clomaidea RMKig URGES dt 
Tasicae | Paendegnaphai hcoloun (iid @BLBawi [|| 
[atencse | id Sethi, «dS | 
[asterncere |__| Senecio maegascarienis on ————~di | | | 
fAsteraceae = | Senecio pinnatifolius A.Rich. var. pinnatifolius ae Ge a” [4 
[atures |_| SemsioprencntisiesARi, SS || 
[astrncese | Steabecin orients. ————S~Sw Yd CC 


— 
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Taseracsse «dt * = Satna sent Rue ——SSSC~dCSY 
Tasteraccae | * | Sonchusoleracensl, i 
[astncese (| Sohagneticoa ritabaa yews i 
Astras 2 
asters P[Ttona aversion ens aGay [a |_| | _ 
Asteraceae [rrr pocimbenst. Sid 
Tastracsse | ® | anthinm ocidewate Boro sid 
Asters [| -eroctrsm tractearum (erty Tevel |_| 
Island L.Durrington 675) 
aval [[acotiapmaake Td 
noides (Li = 


1 1 

1 1 1 
Peignoniceae |__| Pandora pandora (Andee) Stes |_| 
Paignoniceae |_| Pras vemata Ker Gavi) Mies fr |_| | 
Peigoniceae [+ [Tecoma stan (Ls. x Kunth va sans [|_| [| 
Teignoniccae | N | Tecomante nt (Ease stens | [1 | | 
Teignoniceae [+ | Tecomaria penis (Thun) Spats copenss |v [| | | 
Painardiase [| Rlanortagranatorae «dt | | 
Taicinaene |_| Blechnum camper Tindale | [x | | 
Taicinasne |__| Blechnum cartaginemsw. «di | | 
Taicinasne |_| Blechnum indcumurm. —————————~d [tf 
Passinasne |__| Dood cna CanyBx | | |_| 
Teorginceae | * | Hetopim ampiecnte vans +t |_| | 
Tasscceae | * | Cale edema Bigsiow ook ‘fr | fr [a 
Passceae | * | Calle maritima Sop subsp martina | [| [1 
Tavssaceae | * | Lem africa aumfyDc. |_| | 
Tavssnceae —_[* [Lam bonarenset. _————————~d | | 
Tarssnceae [®lm vii, id 
Pavssnceae |_| Rapa rophanisrumt, +t | | | 
Tourmanniceae |_| Burmamiadinchat, id | 
Paunseecere |_| Cont ansrtasioum EMBaepiewan | [| 
[cactsse |__| Herne nda) Bron Rose —_r_| | 
[cacwosse | [Opa src tawytiaw id 
[caespiniceae |_| Caspniabonduo (Roxb +d | 
[cwespinicese |_| Cows sore Evelyne | [| 


fff 
laa 


l 
Ld 
as 
md 
al 
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|Caesalpiniaceae =| Chamaecrista nomame (Siebold) H.Ohashi var. nomame aaa ee a 
CS a 


Caesalpiniaceae Senna pendula var. glabrata (Vogel) H.S.Irwin & 
ila 


[Canpansaone | (label anegch —SSCS—~id Od 
[campanuacne |__| Labia gbosa Labi var gibbows | [| | [1 
[campanuaone | [Labels membrinaceaRer. ++ | |_| 
[campanaaone |__| Labtec purpurascens. ———————*d | 
[campanusne |__| Label rigonocontsrmucs ———————~| _[r | | 
[canpanuane |_| Prt concolor be) Domin [| | | 
[campanuacne |_| Waenbergiacommuniscarin | | | [1 
[Campanas |__| eer gracte (Gory ADE____[»_| [1 
[campanuane |__| Waters ericlaessm, | (| 
[canpanulaene |__| aera queentanica Caron Pasm | | 
[canpanuaone |__| Waterers ey Sweet_———_————~d | 
[camacsee «(di Camamntcat. SS SSSCSC~d CT id dC 
[careoese id id Carcass ———SSCS—~—CE Sd 


Caryophyllaceae * Drymaria cordata (L.) Willd. ex Roem. & Schult. subsp. | 1 
cordata 


[canopiyinceee |__| Poeupasa conmbosatcyiam ——————~it | |_| 
[caropiyiccae [+ | Poeurpon traphotam (Lyi, fr [a [> [| 
[caropiyiccae [+ | Sienegatioat, SSCS Sd | 
[caropiylccae _[* | Sears medta(cyv_———————S——id | | 
[casarinseae |__| Alocanarina lore Gasb) LAS toma [r_[1_[) [1 
Ca 


Casuarinaceae Casuarina equisetifolia subsp. incana (Benth. ) 
L.A.S.Johnson 


[easaraseae |__| Canaria glance Seberex Spreng id 
[caasmcene |__| Deana celastides (EM sup 

[caasmone | | Hipocratea barbara Mua. i 
[cenoiepiacene |_| Centos exer Rie) Roem Bona |_| 
[canotptacene |__| Cente rigour) Roem. & Seu | [1 | | 
[crenopediasse | * | Behan amirasiids(.) Menyakin& Claes) [1 [1 [| 
CC TT 


Chenopodiaceae Einadia trigonos subsp. ste//ulata (Benth.) Paul 
G.Wilson 


Chenopodiaceae | | Enchylaena tomentosa var. glabra Benth. Enchylaena tomentosa var. glabra Benth. |iioa|| marl Bait 
Chenopodiaceae —]| Salsola kali L. 1 


Chenopodiaceae Sarcocornia quinqueflora (Bunge ex Ung.-Sternb.) 1 1 | 
A.J.Scott subsp. quinqueflora 


[Grenopadiacens | | Su arbwevdoresi.ssm | ||» 
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Fctenopodacse |__| Sued strats RByMon id | 
[ctenonediacse |__| Tectcoria indo (Wl) KA Sap Paul GWison [|_| 
Coma FP [etomespnaer. iT id 
Chine [catphytin ncphym, id i 

espero graninenm rot +f | 
[auncharta nbs Ree———————id | 
i 
1 


Clusiaceae 
Colchicaceae 
Colchicaceae 
Combretaceae 


Commelinaceae 


—————— 
[Anetta aciminanum RB. i 


Commelinaceae Commelina benghalensis L. 


| 
— 
= 
| 
a 
nz 
ini = | 
a 
ra | 
[* | Commelina benghalensist 
Convolvulaceae i | 1 
Convolvulaceae aa 
Convolvulaceae — ] 
— ) 
Pp na RB 
er 3 


Convolvulaceae 


Ipomoea cairica (L.) Sweet 
Ipomoea pes-caprae subsp. brasiliensis (L.) Ooststr. 


Convolvulaceae 


* 
* 
* 
* 
Commelinaceae * Tradescantia fluminensis Vell 
* 
* 
* 
* 
* 


Crassulaceae 


al 
fe a 
Fart 
ad 
pax 
ite | 
ra 
ea 
its | 
Led 
ie! 
fie 
=| 
ie 
na 
LS] 
a 


Bryophyllum delagoense (Eckl. & Zeyh.) Schinz 


Crassulaceae Bryophyllum pinnatum (Lam.) Oken 
Crassulaceae | Crassula tetramera (Toelken) A.P.Druce & Sykes 


Cucurbitaceae - Citrullus lanatus (TYhunb.) Matsum. & Nakai var. 
lanatus 


Cupressc cats rhombodea Re ex Rw ———————_‘r_| |r 
[crates cooper ook ex Fawveliybomin | [| 
Cyathea (Mua) Cope._—_| [| 

[eymodoceaeae |__| Sringotom senoton (asen) Dandy [| 

feyreresee |i Aboard vaginas id 


li f. 1 

j ; 1 

j ; 1 

| 

| 

Ipomoea indica (Burm.) Mert. l 
Polymeria calycina R.Br 1 
" 1 

: | 

: 1 


a) 
Ke 
Dal 
re 
| 
=| 
its 
fe 
cae] 
[Ipomoea hitoralis Blume 
hy "| 
ie 
th * 
a 
La 
a fT 
Ee 
i 


Cyatheaceae 


Cyatheaceae 
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}Cyperaceae |_| Bulbostylis barbata (Rottb.) C.B.Clarke 1 | 
|Cyperaceae — (| Caustis blakei Kuek. subsp. blakei 

Caper greg (WT) El a 
|Cyperaceae — ss] Cyperus haspan subsp. juncoides (Lam.) Kuek. [ret a) 
Oper veers TH Maa. |) | | 
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feypecces | pene sradtroenssDomin id 
feyperccte | «dren studs, 
Cypriot I 
Cyperaceae | Cyperus unioloides R.Br. ale 
Cypaac (| Beccharis cintosacips Boeck +s a | | 
Fr TO 
[expences | +d ocr ts (Bum. £Tin ws | da 
feyperccee «did Boch emit est 
[eyperccee |__| Bloch genictna (Roem Sena [1 [1 [1 | 
feypencewe 4d —( Rochas Boeck. ————SSSSS*d YY 
Ee 
[eypeacese |_| Pints cnmamometoram Can Kunth ft | [1 
[eypencere | intriaisichooma tevin | 
[cynencere |__| Fintrispinoragneatuyvann id |i 
[eyperaceee [Pints rans (Retz)Vatt 
[eyperccee |__| Pinbrispicpciforape id | 
[eypercere |_| intra pobichoes (ReayRBe dt 
Er a 
feypercete «d= Pare cars Rows —————SSSCS—~s CE 
Ee 
Fr oO 
feyperccee «data cterksibens SS SSSCS~S~sSCi 
Fr 0 GC 
Fe 0 
[cxpensers | ——* eisai Yd 
feypercete = —O kei nos Roby RBES*d 
feynencere |_| Tepoaperm trade Rvs rte +a 
[ewpensese |__| Heroapernc tga Lab, «dS 
Teypeacene |_| Baroni crt Retz) Domini [1 
[ewnenceee |__| Ronco own Roem. Seat. ————+dis | dt | 
[copencee |__| Romchomorarabrotkous) Makino ‘|_| __[t_|i 
[eypencese | *_ | Sehoenopectu erect (oi) PalackiRayaal |_| [1 | 
Cope | scosnopectas rain SeteayPata | [| [1 [1 
Cypeae | storms pawn Row. 8: Sel vax cog ||| 
I ec © a 


Schoenus lepidosperma subsp. pachylepis (S.T.Blake) 
K.L.Wilson 


Cyperaceae 


Cyperaceae 
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[Cyperaceae |_| Schoenus melanostachys R.Br a ee a 
[Cyperaceae |_| Schoemus nitens (R.Br.) Roem. & Schult of ft | 
Cyperaceae Schoenus ornithopodioides (Kuek.) S.T.Blake 1 1 1 1 

Pp 
[Cyperaceae |__| Schoenus paludosus (R.Br: Roem. & Schult a 
Cyperaceae N Schoenus scabripes Benth. ] 1 

ip 
|Dennstaedtiaceae = | Histiopteris incisa (Thunb.) J.Sm. l 1 
|Dennstaedtiaceae = | Hypolepis muelleri N.A.Wakef. 
|Dennstaedtiaceae = | Pteridium esculentum (G.Forst.) Cockayne ae 
|Dicksoniaceae =| Calochlaena dubia (R.Br.) M.D.Turner & R.A.White ri 
|Dicksoniaceae = | Dicksonia youngiae C.Moore ex Baker 
}Dilleniaceae = | Hibbertia acicularis (Labill.) F.Muell. 
}Dilleniaceae = ss] Hibbertia fasciculata R.Br. ex DC. 
}Dilleniaceae = ss] Hibbertia linearis var. floribunda Benth. 
}Dilleniaceae = | Hibbertia linearis var. obtusifolia (DC.) A.Gray ni 
|Dilleniaceae = |__| Hibbertia nitidula (Benth.) N.A.Wakef. le sili==| 
}Dilleniaceae = ss] Hibbertia sp. (Carnarvon Range C.T.White 11332) sles 
[Diliéniaceae’_____ |__| ibtefle-vestta A Cun, ex Benth vat ved 
PDioworenes «dF Diewemencis, id 
|Dioscoreaceae | Dioscorea bulbifera L. var. bulbifera eal 
PDioworesess | | Diesen nites, 
Dracaena grans(L.) Ket Gl 
[Dracecies —[D| Dranenanirgntalats id 
Sansevieria trifasciata Prain cv. Laurentii ea Lia) 
Sansevieria trifasciata Prain var. trifasciata Fi 
Droseraceae Drosera spatulata Labill. var. spatulata 1 1 1 1 

PP P 

Dryopteridaceae Cyrtomium falcatum (L.f.) C.Presl a a a 
Petensne |_| Diorros geminata (R.Br Fuel es a 
Pitenaeae || Dios penta (Wools & FMI) FMel | [1 [| 


| 


— 


all 
Fae 
Ld 
a] 
a 
= 
f= 
Foal 
inal 
= 
ai 
a 
ad 
= 
tall 
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Pescocaracess | _——_—|Blacocrmus renews id 
Fecocapacess |__| erate tymioinsm —————————~it | 
Pract Sn 
| Agiortia pedicellata (C.T.White) Quinn ] le i 
Ercan [racine daphnoids (Sm) Bent. bap daphnoies| [|_| 
Eriacee [Tarachyomasconechinieoucs fT 
= “ar 
= 
as 
i= 


Ericaceae 


Ericaceae 


Tevaceae | _—Lencopogen aeformismipr i | 

Tevaceae |_| Lencopogon ercidntsmynme—————*it | [| 
Terncene |__| Lencopogen epospermoides bx —————~it ff) 
Terincewe ~~ Lenopogon margaadesbe——————*d ff 
Pevacene |__| Lenopogon parviforas (anerewsyicwt fr _[r_[r [1 
Tevaceae |__| Lencopogen pimeeides Acumn-exe. |r _[1_[1_[1 
Teviaceae |_| Lenopogon virgans (bite tr | [| 
Price [eters adpresins mn. exde | | [| 
Pevincene |__| Metichruprocumbens(CovyDruce [1 | | | 
Tevncese | Mensou scoparia smyinn—————————~it | [| 
Peviaceae | __] Senge srngeiones @BryDruse fr _[» [fi 


Trochocarpa laurina (R.Br. ex Rudge) R.Br. 
i 


Ericaceae 


rs 


Ericaceae 


Ericaceae 


— 

eee 

[ean cnsteteRBe 
4 


Euphorbiaceae Amperea xiphoclada (Sieber ex Spreng.) Druce var. 1 
xiphoclada 


Eriocaulaceae 1 


1 


: 

Euphorbiaceae * Chamaesyce hirta (L.) Millsp |. 

Euphorbiaceae Chamaesyce hyssopifolia (L.) Small 

Euphorbiaceae Chamaesyce maculata (L.) Small 
1 


Euphorbiaceae Chamaesyce psammogeton (P.S.Green) P.I.Forst. & 
R.J.F.Hend. 


om 
= 
1S] 
| 
= 


Euphorbiaceae iC Claoxylon australe Baill. ex Muell.Arg. 


1 
l 
I 


1 


-— 
Ea 
ai 
ns 





COMPARATIVE FLORISTIC ANALYSIS OF VEGETATION ON 159 
THE DUNE ISLANDS OF SOUTH-EAST QUEENSLAND 


Peuphorncene |_| Exeoecoriagattochat. ————S—S—~d Cs | 
Peuphorcere |__| Homatants none (Goreyou [fr |) 
Teuphorceae |_| Macarangatnariue (Lying [| | | 
Peuphorceae |__| Mallon pitppensis am) muetiawe | | | [1 


Euphorbiaceae * Pedilanthus tithymaloides subsp. smallii (Millsp.) 1 
Dressler 


Teiphotinene |_| Risnocapas pions Baki 
Fe a 
Peupomaacee |_| Eoponati bementitvuels ~~? ~Si | 
Peupomatacse |__| Euponatis trina Bid Ci 
faces | (Ar eccrine 
Abrus precatorius subsp. africanus Verdc. 
|Fabaceae (| Aotus ericoides (Vent.) G.Don 
Peasene || ot tego Cum exes 
Peabcene | id esi Breas 
Prabecese Boiron Sib ex DC 
Trabcese |_| Basin hteropita vent 
| er eT | 
Betche) A.T.Lee 
Fiabaese |__| Caley meperarna Eel) Sanee id 
Prabeese d= Cinmctaroea SayDC. id 
Fe 
fraseoe || rer nnd ep acne | 
Prabcese | * | Cra tanceoaa E Mey eusp lnecata 1 | 
|Fabaceae | Crotalaria mitchellii Benth. subsp. mitchellii le al 
feateene | iar Sm, 
Prabecese |_| Devs mimosoides RB iba mimovoen 
Fr a 
Peaeese | davis wating 
Prabeese dd ese recipe Gray 
Featcene |__| Beer etrccarpon (DO. as eteocron 
Feabueee |__| Demo etrocerpon vit srigosun Mewsven | 


| 


Fabaceae 


ime 
[> [Bescon cin (264)BC—————— 
[btn forbs, 


Fabaceae 


Fabaceae Desmodium triflorum (L.) DC 





fe] 
oe 
= 
fe| 
(es 
ffs 
oe 
a= 
a 
-[— 
i 
Finder 
ae 
(= =a 
pela 
ala 
Lina 
[_ 
Ces 
a= 
Pa 
om 


1 


— 


Fabaceae 
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Tratecese =| —— Dilyniagtterina sm ——————SSS—~dN CTY 
Trataeae |__| Dina toa uc wentybrce fff 
[eben candi V6 Wend var caning 
[eben cyctta Tndsle i 
[eb toertt aya 
[| comphotbium pimanim sm 
[compotion vrganimSiberex De 
[| Hane vitacen Seine) Seam 
[rove aca Cann. .Don 
[Hoven sinits Toms. 
[inter tis, 
nacre uric 
[ksi scopara Re 
[| ck acne Mae 
[| Rene rebum Sennen) Veme 
rT 
— 
1 
a 
— 
— 
= 


Fabaceae 


Fabaceae 
Fabaceae 1 1 
Fabaceae 1 
Fabaceae 1 
Fabaceae 1 
Fabaceae ] 
Fabaceae 1 
Fabaceae 

Fabaceae 1 
Fabaceae 

Fabaceae 1 
Fabaceae 1 l 
1 1 
1 

1 

1 


Fabaceae 


, 


Neonotonia wightii (Wight & Arn.) J.A.Lackey var. 1 
wightii 


Fabaceae 
Fabaceae 
Fabaceae 1 


Fabaceae 


* 
x 
% 
x 
Fabaceae * Macroptilium lathyroides (L.) Urb 
* 
* 
* 
* 


Fabaceae 


Fabaceae Phyllota phylicoides (Sieber ex DC.) Benth 


— | Pultenaea maritima de Kok 


Fabaceae 


licol ‘Si : ; ; 1 1 
Sopra tomensa sib ausavakoview | | 
Fabaceae [Sihaericbimvinineamsn id 
Fabaceae [>| Soiosanesgaensis var intermedia og asst |_| 
Fabaceae | sviesanes hance «| | 
Trabeceae | * | Soames miisKuntn +t | | | 


Tratacae |__| feptosiaipes tent tos fis tr _[) | | 


Fabaceae 


Fabaceae 
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Praseese id Tm repenevanrepems Cid CEC 
Trabcese |_| Urartrcta ncayDew ————S—S—S—~d (| | dC 
Fr ae 
raise dd Pica L3es, ———SSSSSS*d | 
Trabecese «dd Par ea agents ——————SS—SC~sCSi | 
Fe 0 
reabacene | Pra rita vaio Ra Nerds =| da 
soe [nr Sas wn FEL 
Prabecese |__| Zena vicar DC. vat tiocerpa 
Es 
= Schenkia australis (R.Br.) G.Mans. 
[B__| Peewee espera Bh x Wk 
[| Biranoptri incr Bun £) Und var Faris 
[| GiiceniadearaRe.— 
[| es ei ia Sens 
a 
| —] 
se] 
| 
— 
i) 
[1 
vl 


Gentianaceae 
Geraniaceae 
Gleicheniaceae 
Gleicheniaceae 


Gleicheniaceae 


Feodoraceae |__| Haemodorum emaion Cn x Benth, 


Haloragaceae Gonocarpus chinensis subsp. verrucosus (Maiden & 1 
Betche) Orchard 


|Haloragaceae |__| Gonocarpus micranthus subsp. ramosissimus Orchard _ | Gonocarpus micranthus subsp. ramosissimus Orchard 
slrgioee || Gone micas Tn. ip. niantas || | | 
Tiara |__| HriptyinenimicanmOntard dt] 
emewcalicatae |_| Dela conrlen Sins vas. cori ——————*d Pd 
Temerocatiacce |_| Dieta carta var aseraSHead | [| [1 [| 
Pemewcaligaeae |_| Dela omrea vat protensaR1EHend ||| 
emecalicese |_| Dieta aera vat vrmato RUTH, ———~ ||| 
Tremercatiacce |_| DietiacomgentoR Bid 
PHemewcalidatse |_| Demelacnoies RIF. id | 
[Hemerccalidaae | | Dela ofa RB vax. onan =| 
| Hemerocallidaceae | Dianella longifolia var. surculosa R.J.F.Hend. ely Tea | 


Goodeniaceae 
Goodeniaceae 
Goodeniaceae 
Goodeniaceae 
Goodeniaceae 


Gyrostemonaceae 
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Teneosaiaacsne |__| Geltnoplsiom rmcsim RBXVACun-extook [1 _[1_[1 [1 _ 
Penerovatdacsne | | Tlonema coesptowm Br) RIFE | | | 
Tiarochariaceae |_| Halophita oats (RB) Hook. subsp ova [| 
Terocariseae |_| Halophita spit RBeyasch.———_————*it | [| 
Pmenophylceas |__| Abradiopnm brass (Cros) Eber Kas | [| | 
Tiymenophylceae | | Abdio conden rack) Ebbara &Kvass | [| | 
Tymenophylaceae |_| Abdio abscirun ane) Eo Kivats | [| [| 
Tiymenophyaceae |__| Crpldomanessnihaoides (CPesd P.creen | [1 | | 
Tisceae |_| Paterna gs Lai) ch. Greed, | [| [1 
ic [[Paeriniagiraaree Sid | it 
Titcese = —*d Paerontrsrcea ne vasereeas «Yi 
Titeae |» | Romero var. cnstrats CEvar) MPGEVes | | [1 
fitness | * | Sinrinchion sp Peegian PRStareso70) fe _ |_| 


Iridaceae * Watsonia meriana vat. bulbillifera (J.W.Mathews & 
L.Bolus) D.A.Cooke 


Johnsoniaceae | Caesia parviflora R.Br. var. parviflora aha] 
Johnsoniaceae _—T Tricoryne elatior R.Br. 


] 
Juncaceae —| Juncus continuus L.A.S.Johnson 1 
Juncaceae ee Juncus kraussii Hochst [=3 


Juncaceae Juncus kraussii subsp. australiensis (Buchenau) 
Snogerup 


| | 

ji | 

Juncaceae — Juncus planifolius R.Br 1 
Juncaceae | Juncus polyanthemus Buchenau 

YJ 1 

] 

| 


i 


Juncaginaceae 
Lamiaceae 


Lamuiaceae 


1 

1 

Juncaceae i Juncus prismatocarpus R.Br 1 
Clerodendrum floribundum R.Br. 

1 


Juncaginaceae 4 Triglochin procerum R.Br. 1 


Lamiaceae 


Tuamiacsee |__| Placrantsamboinicu (coy sprene | [| |» | 
Tamiacsee |__| Plcrants paretoreswine. «di | | 
Tamiacsie |» | Placa verter (face fr | [1 

Tuamiacsee _—_-[* [Stearns ————————SSSSS—*d | | iC 
Tamiaesee | ier roa. vara «df 
Taurcene |_| Belchmicaetipnea CT Whe RW Fence | [1 | | 
Tuauacene | Betcha obra (EM x ein mwa | [| | 


Lamiaceae 


Triglochin striatum Ruiz & Pav. 
Lamiaceae 
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Tauncene id Cathatormins ————id Os 

Taucene |_| Cassia gable on fomargbeta |r [x | [1 

Tiaurcene | —(Castha mecteritcin —————S—S—S~d? Sd | 

Tiaurcene | (Casta pbescons ae id 
1 


Lauraceae Cinnamomum baileyanum (F.Muell. ex F.M.Bailey) 
W.D.Francis 


[re a Cr 
Finucane |__| Giimomum verte aaiey —————~Y_*ta| | 
Tiauncere ___-|V_| Cnprocan fora RTbaker ———*di | | | 
Tiauncere |_| Cnptocanrincecenn ps —————~i| ia 
Faunce || ocean naciencv Hyland | 
HLauraceae = | Endiandra discolor Benth. i 1 
Toauncere |_| Bandra siberinees———SSSC*d 
Piaucne ———+|—*( ite nas Byland —— 
Poauncsxs |__| tea eon Misia. 
Poauncese | Neon detona BL) Mes 

Thauncere «di Pere american, id | 
Taxnanmicess |__| Combine nbra Oto Dw SS | 
axmannincess || Bastar ts kG, dd | 
Phaxannicese |_| Barman compacta Conran Lows —————~4t_[_| 
Ttnmamaieee | AaemarmiagrasisR «dd | 
aannincess |__| omni ofr nibep pao TLes | [1 | | 
Phaxannigese |_| Lonandra ctongea (Bent) Eva. 
Fianniaceae |__| Lemania iformis Tht) Brien ak Forms | [1 
Faxmansscese | [Homencra ri RB)LR Trae &Vikery 
Tiaxmamnincese |__| omanralno BAT 
Poaxanniaese |_| Lema tong abil, 
Faanninceae |__| Homan maior Brest. war | 
Fuiemannicees |__| Sowerbarajeea utes dt 
Thaxannicese |_| Tisanons bron RB sbap borowes————_—T [1 
Theythtcses || Planchona crea (FM) RKnath YS 
enibusiaeae |_| Urinderinareato. id 
stuns |_| rita ia, ——————SSSSSCSCS~sdCTid 
Thenibuaracere |_| UricteratobaBe———S—*d 
Fenibusiscne || Urictorincennteat. St 
Ttanibuaiacne _|__[Orietrngiobat. SSCS id | 
Tuenibuarncere |_| Urricwara tetra Bx SSS | 
Tenibusincne |_| Uriodratginosavan Sid | 
Tinasraone |__| Linda recip Bake aomen | |_| | 
[Cinders |i tinea dnaphc MBiy 
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Tindscacene |__| Lan oni wibap. agai ack) KUUKaner [1 _[1_[1 [1 
Tindsescene |_| Lina onsite Sw. sip. ensota ft [1 

Tindscncene | —(Linaaspaserivook. Sid) Si 
Lina [Lindsea ripen var morgen | [1 | | 
[iirasccne pada id 


Lo | 
— : 
— | 
Phorntaceas |_| Anya rat (Bent) Tegh 
ee 
= : 
1 


Loganiaceae 


Loranthaceae Amyema cambagei (Blakely) Danser 


Amyema congener (Sieber ex Schult. & Schult.f.) Tieg 
subsp. congener 


Loranthaceae i —J Amyema linophylla subsp. orientalis Barlow 


Loranthaceae 


ais 
— 


Loranthaceae 
Muellerina bidwillii (Benth.) Barlow 


Loranthaceae 


Loranthaceae 


Lycopodiaceae 1 


a 
Loranthaceae | Amyema miquelii (Lehm. ex Miq.) Tiegh. Ve way all tong 
Loranthaceae = Amylotheca dictyophleba (F.Muell.) Tiegh. 


1 


Lycopodiaceae Lycopodiella lateralis (R.Br.) B.Ollg 
Lycopodiaceae — | Lycopodiella serpentina (Kunze) B.Ollg 


Lythraceae 


Malvaceae ES Abelmoschus moschatus subsp. tuberosus (Span.) Borss. 


Lysiana maritima (Barlow) Barlow 


Muellerina celastroides (Sieber ex Schult. & Schult.f.) 
Tiegh. 


= 
: =a 
im 
r ca 
| ri 
; tal 
zn hall 
i 
icopod cern ky PaSem +r _[_[_ 
i 
rm) 


| 
h. 
iq. | 
Loranthaceae le — Dendrophthoe vitellina (F.Muell.) Tiegh 1 
f | 
| 
; | 
1 


* Cuphea carthagenensis (Jacq.) J.F.Macbr. 1 


Waalk. 


Malvaceae Hibiscus diversifolius Jacq. 1 ef 


Malvaceae * Malvastrum coromandelianum (L.) Garcke subsp. 1 
coromandelianum 


Takacs |_| Matniscusrtoreuean Sid | | i 
Pwavacsee [| sttaconaponat.——SSS—id Ci 
Dwavacsse [+ Seta rhombyonats i 
[Dyson fim Riven | | 
iy) od 
Tooactiaawnom iY 
Pitecarons gram Koenig __————~| | 
Apso decumbens entsyDiew |_|» | | 
[alla 


Meliaceae 
Meliaceae 
Meliaceae 
Meliaceae 
Menispermaceae 


Stephania japonica (Thunb.) Miers var. japonica 





Menispermaceae 
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PMetispermacese |__| Stephani japonica veh dscotor Cane) Forman [t_[1_| [1 
[Metispermacese |__| Serhan japonica vat. sneiens DC) Forman | —[ [1 | 
Paenyantacene | | Lier extn (Sol. ex Si) Tey ets | | | [1 
[Menantacess |_| imple enifora EMualyKuntzs | P) 
PMenyantacese |_| Orta reforms RB) Tpery ates | [rf | 
Paitosnens | (dea cinimaseNwt, SSS | Yd 
[wimcesone |_| deca comptanata Cun exes isi] 
|Mimosaceae | ~———s| Acacia concurrensPedley sd Acacia concurrens Pedley eae a Eo 


Mimosaceae Acacia disparrima M.W.McDonald & Maslin subsp. 
disparrima 


|Mimosaceae «|= Acacia fimbriataACunn.exG.Don Acacia fimbriata A.Cunn. ex G.Don 

eee — ae 

[iinosceas || Aaa eave (Dominy Pele xp abou || 
Peimescess |__| dewalt. repens Pedey | (1 
Twimcesone |_| deca toni (Ancrewsywina.————~di | | 
Tmimesone | _[deaciametononionp.——————S—SC~d CST Cd Cid 
Fre a 
Iainosneas | id dea roca Cuma ex Don +d | | 
Tmimesnone did Aerts SY | 
Paimescess (| * | dew air abil Lanes ———S—*d | | 
Paimescess | (dea sephora (abil RBE_————————~d | | 
Pwimoesone |_| dein sumecte(Smy win. ————————*idtat 
rwimessess |_| dee Suisb}Court id fd 
[Minosaess |W Archidnron lveiae (EM Bale TN | 

Paitin |_| Mecartitionecamiricg Muss 

PMoniminesxe |_| Wikea egal ADC. 
[Monimineere |_| Miea naropiptata.cumnyabe, | [1 || 
waniesng |i ina veboines ————«d | P| 
faeracene (Fis twice Ri ex Horn, +d | | | 
Fe 
ea FC 
a 


Moraceae Ficus rubiginosa forma glabrescens (F.M.Bailey) 
D.J.Dixon 


ra 2 
Poaceae |__| rps scandens Cour) ook Arikan ene | [| | 
Pousaese [> [mss ccrminacona dT 
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Pevoporcese |_| Mumorimaciminanm me id TY 
Peyoporceae |__| Mupormboninense subsp ctl Cuno [v_[1_[1 [1 
Pevoporcese | | Munoram montammras —_————~dY it} (| | 
Pysimese |_| depres corietan @.yanco +r [x fr | 
Paysite |_| Ete anata (EMail) FMBaey | [1 | | 
Paysite |_| imac arvensis (Ly UManns anders fr [| | | 
Dwyrimeste |_| Mirae aenartaces Si? S| 
a 


Myrtaceae Acmena hemilampra (F.Muell. ex F.M.Bailey) Merr. & 
L.M.Perry subsp. hemilampra 


A ee 


Myrtaceae Angophora leiocarpa (L.A.S.Johnson ex G.J.Leach) 
K.R. Thiele & Ladiges 


Pgnaceae |_| Angophora woadsana FMipaiey |_| |) | 
Peiynacese | Attrongris dis CTWRLSSM [fr 
Peynaceae |_| Attrongrnsgtabra Snow as Guymer fr [| | | 
Dynastar |_| Bacto mata Wook. a | [a [| 
Pwynaceae «id Rachaeseemst. id | 
a 


Myrtaceae Corymbia gummifera (Gaertn.) K.D.Hill & 
L.A.S.Johnson 


Myrtaceae Corymbia intermedia (R.T.Baker) K.D.Hill & 
L.A.S.Johnson 


Myrtaceae Corymbia tessellaris (F Muell.) K.D.Hill & 
L.A.S Johnson 


| Myrtaceae =| «| Decaspermum humile(G.Don)A.J.Scott Decaspermum humile (G.Don) A.J.Scott iPaifiee|lem i al 
PMyracese |_| Bp ance widen) Maiten | [| | [1 
Piyraccas dW car hat Booker SSS 
Fe 0 
IMyracexe |__| Bren mirovoos Evel. +d? «dt id | 
PMynacese = —d Bp piri, Sid 
Foe 0 
Iaiyracess |__| Bhat racemose racemes «dat 
Pmynacese «did Bt reiorasin Sid | 
Fe or 
Fre 0 
Iiynacess |= Bea rota Ss oor ‘dada Pd 
TMynacese | —dEawp sterophioiadent, iY | 
fniacens |_| Bhp tacos Sin, subsp ooo |_| [1 
Ivynacess id Bhi ince aly Sid | 
re 
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Peynacese |_| Homorantnus igs Gunn exSetaur tf) 
Paynaceae |__| Latoparmnbracyandrum aweliyDrce [1 _ 
Peynacese |_| Latoparmainunpermm smd 
Peynacese |» | Laproparmn liga (Caen) ues | 
Paynacese |__| Leper verse Taker @ HGS [V1 
Peynacese |_| LatoparmimpobgiferumSao.——————~d 
Peynacese |_| Laoparminsemibaccanm Creel 

is 

ral 


] 


1 


|Myrtaceae = | Leptospermum speciosum Schauer 
|Myrtaceae = | Leptospermum trinervium (Sm.) Joy Thomps. 


1 


ra 
ita 
rai 
afi 
— 
afi 
=k 
rm 
Lesospermimvniicres «dE 


Myrtaceae 


Myrtaceae l 


ae ore Pie) 
J.T.Waterh 
= 
G.Wilson & J.T.Waterh 
Myrtaceae | Myrtaceae = «|| MelaleucadealbataS.TBlake sis Melaleuca dealbata S.T.Blake iz si 
[| heeencatnariotasm, iC 
Peynaseae |__| Mette pact (Chee) Gaven ————st_[ 
Peyraceae |_| Melatenca guingneneris(Cwy souks [rf 
Dwynaceae | | Mettencasieteriscravr Si ST id 
Dynaseae |__| Melaleuca vininais (Sol. exGaerny tyme | | [1 | 
Peynaceae |__| chroma tineare (CT WhieyTrgen [1 [1 
Pwynaceae |_| Orbea octets ua, SSS | 
Peynaseae |__| Plioigma glam puree | _[r | | 
Peyraceae |» | Pain cata Saine vat onion [| | | 
a 
Peynaceae |» | Pain uineense Swi 
Peynaceae |__| Rhoda acuminata CT wne i 
Peynaceae |_| Rhona dicots Guymer Jesup | 
Peyraceae |_| Sneurpianitiewipaiey iid 
Pynaseae |__| Sepgtm ohnsont Mus Bnd | __[r _[| | 
Deynaceae |__| sum thant EMuel}yLASJomson | _[1_| [1 
Peynaceae |_| Sum otcoum (Much BHyand fff 
PNephroieitceae |__| Antonis teeta GForsiy3Sm ext | [1] | 
PNephoteidaeae |__| Reprolepiscordpaycret itt [| 
PNeptoteicceae |_| Nepnoops irda (GroraycPest tr | | | 
TNephroteiccese |__| Nero otter (Ry3sm fr | |_| 
Prvetginccae [> | Bongaimiteaglatracroy + | | 
FS a 2 


Myrtaceae 


= 
= 
- 
i 
= 
ta 
— 
i 
= 
= 
= 
— 


= 
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Oct [+ [etna serrata ochaywais iT | 
1 


Oleaceae Jasminum didymum G.Forst. subsp. didymum - 
J.didymum subsp. racemosum (F.Muell.) P.S.Green 


Se 
[a 

= ial 

i ri 


LJ 
[=] 
Oleaceae htt | 
eet 

= 


Notelaea sp. (Elcho Island C.R.Dunlop 7597) 
Ludwigia octovalvis (Jacq.) P.H.Raven 


Ludwigia peploides subsp. montevidensis (Spreng. ) 1 
P.H.Raven 


Oleaceae ] 
1 l 


Onagraceae 


Onagraceae 


1 
1 
1 
Ophioglossaceae Li 1 
Ophioglossaceae pj 
Orchidaceae ey 
Orchidaceae — | 1 
[catatonia ata 
[| eatadena camer i 
[eaten cerca SmyDace 
[| Catania cerca (Sm yDrace var ants 
[atari sera Reh. FYMLA.Clem. & DLL Tones 
Orchid [eaten minor dT | 
Forchidaccas |__| Calohtusgranitorns (Benin Donn fifa [a | _ 
Forchidacsss |__| Calochitnspaosusebe || 
Forshidaesss |__| Chiogtonis captor iit | 
Orchid [| ettetonis stresris Dion MAGE | __[1_| | _ 
Orchid [[eonnasaconiiforasais | tt | | 
Orchid [ena barbarae Dione dL dC 


1 
1 
1 
1 
1 
Orchidaceae 1 
Orchidaceae 
Orchidaceae 
1 


Orchidaceae 


Acianthus fornicatus R.Br. rh 2 


Orchidaceae 


=i 
bd 
it 
EAE) 
Lois 3 
as It 
ar 
Le 
er 
fie 4|.—! 
a 
ae ee 
a 
ue Je 
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forcidaese |_| Combs aniern Roomy =r | | 
[orenidaese | | Coptosnitsencurme —————S—S—*d Sd | 
[oreidese |_| Gmbaom nadine ————————~d i 
[orcidaese |_| Gmbitnm uee_————SSSSC~d Sid | 
[oreidese |__| Denti aemutom bx <i 
[oreidcese |__| Dentobium metatencapinm MA Clam, Di tones | [1 | | 
[oreisese |_| Dentro acragommacum | [x |_| 
[oreisnese |__| ipo hanitonammemeaiey tr [| _[) 
[oreidseae |__| Dida varegatum MA.Clem.&Ditones —_[r_[1_ [1 
[oreidcese |_| ric punctata Sm vr pnctaa—————~it | | | 
[oreidaese || Dirissuphwaee Si id 

Foreidcese |__| Dochritiatingusormis Suyoreger | [a 

[oreidcese [+ | Biendrumcbrietamim Rote | 

[oreidceae |__| Brochipetricola Di.Jones @ A Cm t_| 

[oreidceae |__| Eton csshoies A Comm )Gary fr [1 [| 
[oreiscese |__| Genopesam pammophium Disones | [x _[) [| 


Orchidaceae Genoplesium pumilum (Hook.f.) D.L.Jones & 1 
M.A.Clem. 


Forchidaceae 4) | Periserathus hilt (F.Muell,) TE. Fant ies 
Phaius bernaysii Rowland ex Rchb.f. 
|Orchidaceae = | Prasophyllum brevilabre (Lindl.) Hook.f. en 
Prasophyllum exilis D.L.Jones & R.J.Bates 


Sj 
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Foreiscese |__| Sorantes sinensis Pomyames id 
[oreiscese |__| Tarpon mle Lindl. exons | [1_| 
[Phelsmiva ingot Rows. «Gro | | | 
[Thelma naling M.A Cle, D1.Jones wolloy [1 |_| 
[Phesmina purpraarpp iY 
[ovatsenisCum, i 
[ovat peemansHaws i 
[ovat pescopraet, i 

ie 

iT 

ial 


Orchidaceae 


Orchidaceae 
Orchidaceae 
Orchidaceae 
Osmundaceae 
Oxalidaceae 
Oxalidaceae 
Oxalidaceae 
Oxalidaceae 


Oxalidaceae 


Oxalis radicosa A.Rich. 
Oxalis rubens Haw. 


Oxalidaceae l i | 
Oxalidaceae I 
Oxalis thompsoniae B.J.Conn & P.G.Richards 1 Ky 
Freycinetia scandens Gaudich. | Thea 


| 
| 
Oxalidaceae 
Pandanaceae 
Pandanaceae Pandanus tectorius Parkinson par eltary Ia 1 
Argemone ochroleuca Sweet subsp. ochroleuca a 
Parkeriaceae Ceratopteris thalictroides (L.) Brongn. La ya] 


WH J 
ed 
—l 
— 
— = 
al i 
C4 2] 
| ir 
es p= 
[asl 
essa As 
id | 
ee ! 
! 
= 

Passifloraceae f+ | Passifora edulis sims 
si 
ie 
— 
aml 
1 
al 
i 
i) 
— 
cs 


Papaveraceae 


[Peston suber id 
[Pasitorasubpetata Onegai | | 


Passifloraceae 
Passifloraceae 
Petiveriaceae 
Philydraceae 
Phyllanthaceae 
Phyllanthaceae 


Glochidion ferdinandi (Muell.Arg.) F.M.Bailey 


Phyllanthaceae Glochidion ferdinandi (Muell.Arg.) F.M.Bailey var. 


ferdinandi 


Glochidion lobocarpum (Benth.) F.M. Bailey | 4 
Glochidion sumatranum Miq. 1 
Phyllanthus virgatus G.F orst. 


Phyllanthaceae 
Phyllanthaceae 
Phyllanthaceae 
Phyllanthaceae 
Phytolaccaceae 
Picrodendraceae 
Picrodendraceae 


Pinaceae 


Pinus clausa (Chapm. ex Engelm.) Vasey ex Sarg. a a 
Pinus elliottii Engelm. a. af ae | 
Piper caninum Blume | Pe Weg 


Pinaceae 


Piperaceae 
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Piperaceae Piper hederaceum (Miq.) A.Cunn. ex C.DC. var. 1 
hederaceum 


Priosporceae |__| Pitosporam revoluamwianon | _ft_| ft 
TPatceporccae |_| Pitaspram nium vert. «i | 
[Panagnasse | —(Plamago debe ————SSSSSSC~sSCSdSCd 
[Pantasimcess | * | Pamagolanceotaa. i tt | 
TPanaginase | ——(| Plamagovaraie ———SSSCSC~wS 
[Puntagimcers | [Aegis amare —————SSC~s Sid 
PPmbasinceae |__| Limoniumsolanden ince <i —it |) 
PPmbasincese |__| Plbagoserianca. «dt | | | 
Proacsne |= Alero semitata (RBnHh——_———=it dd 
Proseste —*(* | Andapogon virgo, «dd 
Proscers |= Ariva aca STBlke i 
Proacsne |_| Aria tenhami ewan var Benham —————~itt | 
Trowcsne «=i Arita benthami varspimiora simon | | [1 | 
re 
Proaceae |__| Ania gratpes Dominy Henna |_| | 
Prowesne =| ~via hatter Doin vr otarhera itd | 
}Poaceae = | Aristida jerichoensis (Domin) Henrard var. jerichoensis [ey | ae a | 
Proscess «| =i warped 
Troacsne «(| Anticon pi (Toonb yMakino ———————it | | | 
a 
Proacess | * | axcnopus compress SwyPeaw «itt | 
Prowse (| cncp soi (Radsiy ahi, iid 
a 
a 

PPosceas |__| Capitan spcigerom ST Blake ——————~itt | 

[rowesne «| —( es cacas Cav, id 
Ea 

Prosceas «dt * _—| Choris gene kunt | 
Troacsne ———«(* | Choris fawn SSCS’ dC 
a 
Prowesie |= Cleitchsntancea CE «id 
Proscese |__| Crm reas RBeyACamis fff) 
Proacsne —_-(* | Gdn dal (Pers. var dacnion itt ff 
Troacsne |_| Dichantinm sericonm Bra Cams subapserceum [1 | | | 
Proscess |__| Dichelacinecrinta(t Hooke «dt || | 
Proweeee | —*d igtaria dvaricasina oye | | | fr _ 
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Trosone id =~ Diane Siw ————SSSSCS~sdCSESCdYCdC 
Troan |__| Digi ecostacya (Dominant [11 
Proasae | Dita toeifora RetzyPers———SS* 
Proasae || Dir parvitora (br) gies 
Prosone «dire teenie Sid 
Trossae—*d|—*dBohinechoa inctophta Wc Vike tv | | 
Prose | (domi cine (br) Munro Bent 
a 
Proasae | rt gina (Be) Hugs 

}Poaceae Tl Entolasia stricta Am Br. ) NEWS 

Troaone |_| Brereton (Dest) Tin ex Send 

eco: __]*_nreotenantisarnaessane I} ie [1 
rroasae |__| Brgretis rovni Kuni Newsex Wake ‘a_i | |i 
Troan = Brrr Scones SP 
Troan | —d Brrots ctomgca (wip ssnea —————~+| [1 | | 
rroasae dt —*d Brest, Sid ddd 
rrossae | =i ret peritra RLYTI, ———id | | 
Troan | —id rare patescono RBS =| 
froasae | —d Bret soi Domini 
[Roane dd Bret rina teed ————SSSSCSCidSC«d dd 
Troasne «dd Brereton A Rich ca sted fff 
Fee a a 
[roasae | Bran glabrata Maiden Witney tf 
Fe a 
Troasne | —d rte patescone Ri vas palwews ————~t [|| 
froasae |_| Bhat plerons a grec (Beongn) Laas | [1 | [1 
Fe a 
Troan | Broco aimenss oko & Stud Cayion | [| | 
Trossae——*d|S*d Boon roca Retz CHGS 
Trossae | —*Biatia piat (Schat Hews iY | Yd 
froasae | Hematite RB vas wnints ————+T|P 
Prowse |_| Hema cna va spatacea (Donny Vickey [1 _| 


ee (ee Heteropogon contortus (L.) P.Beauv. ex Roem. & ae 
Schult. 


}Poaceae | | Imperata cylindrica(L.)Raeusch, = cylindrica (L.) Raeusch. 


aie [ra en ae ——— 
[roase |_| ichaemum ase Ri va ade fr [|r [1 
Troase «id chaemumogtooe ———SSSS*Y CSC | 
a 
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Poaceae || UschaemumeriticeumRBe ft 
}Poaceae = sds LeersiahexandraSw. ss—~—iSY Leersia hexandra Sw. Ce a cae 


Poaceae Leptochloa decipiens subsp. asthenes (Roem. & Schult.) 
N.Snow 


}Poaceae = —————s«| =| Leptochloa fusca (L.) Kunth subsp. fusca Leptochloa fusca (L.) Kunth subsp. fusca a a ed Ea 1 

Proscess | —_—dbeprrasrepens (Gost «dt 
Proacsie (®lm pereme. i | | dC 
a 


Poaceae Megathyrsus maximus (Jacq.) B.K.Simon & 
S.W.L. Jacobs var. maximus 


Poaceae Megathyrsus maximus var. pubiglumis (K.Schum.) 
B.K.Simon & S.W.L. Jacobs 


Troasne =| Metin repes(witayzxa id 
Troan | | Optsmenes mins ry Roem @ Seu | | | [1 
Teoane | | Oplismenasinbecitis (@Br) Roem. & Sanu |r _[ [1 [| 
[roan |_| Oplsmenas uncon varmottxdomin | [| | 
[roasne «d= tet gractina Ce. «dT | id 
Troase iid Pete wid 
[ross |_| Panicum tacnopivtom tents +t [x | | 
Troan =| Pamicum aseptam in, —————SSSS*d SCT i 
Troan =| Panicum pundosum rox ———————S~d S| | id 
[ross =| Pama sneDonin id 
Troan | —* Pepa rinsorme TBs ——————~i| | | a 
[roan | —*d Peat disncrum sTatake | | |) 
Troan | Pepa dst (ren thes 
[roan «|i Peat gan Take id 
Process | Papa conga PaBeis 

[ross = Pepa ta Pos id 

Troan =| Pepa ic. i 

[roan | Peat itu Raid 

Troan |_| Pepa manccomum in ————————*d 

Peoaene _——~(* | Papua onan Fvegze «dt | | | 
Troan _—*(* | Papa canter ——————~+| || 
Troan | id Pe eobicniramt. id 
[roasne i Pep vitesse i | 
EO 
[roan [>| Pennisi ctandestinm Wocha ex Owen [| [> | 
Troase iid Parsraeo iY 
er 
[ross |_| Pitot area Riviere CRWiee | [| [1 
[ross | | Pitot bambusdes sivas fr | | [| 
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[roasee id iPower, SSCSC~sSC‘iC 
Troasne |__| Paeudraphs prada BVPI «de | 
Ponsa saccharin fica. Sid CT | iC 
Pose [suctotpvindca yCuase id | 
[Scheacorium rage RBeyACame —___fr_[r_[r_| 
Stara pariora Poi) Kergwien | (| 


Poaceae 


Poaceae | 
a ae 

Poaceae 

1 


a 

= 
[Seta sugensSiph 
* | som armcinacoum Dewy sup? |_| 
ae 
ol ea 


Poaceae 


Setaria sphacelata (Schumach.) Stapf & C.E.Hubb 


Poaceae 


set 
Peet 
on 


Poaceae * Sorghum x almum Parodi 


Poaceae | Spinifex sericeus R.Br. 1 


Troase | Srobatn creer ena «dT | | id 
Troase | Sorat togarueoes ———————S—S—~d |i 
[roan |» Sorat eri Stud) Cayo fr [x | | 
Troasne | Srototn ras Simon —————————S*d? Sd | 
Troaene | Sorat viginens(yxunts id 
Teoasne | * Senora secundum (wa Ramis fr _[ [1 [1 
Troasee iid Themen id 
[roase |» | Urea decumbens Sapp RD Wear fr _[r fr | 
[roasne «(Pets bromo yoy Sid | | i 
Troasne |_| Zeta macranta Dev. ssp macona fr |_|) [1 
Podesta Podocars cams RBrexkna | [1 | | 
Podocarpns spinosa (Sm) Rex |r | | | 
. ; 1 


1 


1 
= 
teal 
J 


Podocarpaceae 


=| 

i= n 
Paygaone |_| Comesperma pinion Pettey (| [1 | 
paiyuonacae |_| dotelavagorstous. _——————S—S«dC*dt Yi 
Palygonssae | * | Antigonon enopns Hook @Am_———SSSSd 
a 
Proygoncese | —+| Parsi ates RB) Soak Sd 
|Polygonaceae | Persicaria decipiens (R.Br.) K.L.Wilson Fa a ee 1 
Proygonscne | V | Pescara taior R.Br) Soak ~~~ | | 
FPoygoncese |__| Pre rents (L) Spas +d dia] | 
[Poyeoncese | (Paice sigan RBG dd 
FS A 0 
Proygonscne [| Rumesorignet, SSCS | | dC 
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Praypodaene |_| Domariarigaiatowyeeaa SiC 
Troypodiacse | V | Dymariax mor towick | _[» | | 
Troypodiacse |__| Merasoramgrossum (Lang @ Fach) Smranirews |v [| | | 
[raypodiase |_| Merosoram maximum (rack Cope | [1 | | 
Proypodiasse |__| Mersoram punta Cope |r [x | [| 
Prlypodiase |_| Merasoram scandens (Forsty dale | [1 | | 
[raiypodiase | D__| Phebe aren (1S. cx Mandan |v [| | [| 
Praypodasne |_| Plapcerm aiircanum(cavyccm | [x fr | 
Prlypodiacse |__| Plancrium serum de neh, timp | [1 | [| 
Proypodasse |_| Prrtarapestis RiBryChing +?‘ 

[Pordaca oleracea, 


Portulacaceae * Portulaca oleracea L. 


Portulaca pilosa L. subsp. pilosa 


Portulacaceae 


Proteaceae 
Proteaceae 
Proteaceae 
Proteaceae 
Proteaceae 
Proteaceae 
Proteaceae 
Proteaceae 
Proteaceae 
Proteaceae 
Proteaceae 
Proteaceae 
Proteaceae 


Proteaceae 


Peace (| Peroni proram Ree 
Peace |__| PeraconiastratrtensisDowin —————_—t_ [1 
Proacse |__| Persona starters DominPvgaa RB | 
Prracsie | —*( Persontnvigaaor. «dE 
Pracse |_| Peropite canescens Gummo —————~sdt | 
Protacse |_| Perophite shire Fpaey———————*dE 
Perce | Srangeainaris enn. i 


Banksia aemula R.Br. 


Banksia integrifolia L.f. subsp. integrifolia 


Banksia integrifolia subsp. compar (R.Br.) K.R.Thiele 


J 
j__ 
[nani cbtongioniace 
[[aanistaropurcan 
a 
[concspemm aioli CRGaena 
Ye 3 

—_ 


Lomatia silaifolia (Sm.) R.Br. 


Persoonia adenantha Domin - P.stradbrokensis Domin 1 


1 l 
1 
1 1 
] 

1 
1 

1 


— 


— 


Proacste |_| Aometum benthamisiard ———————~d i 
Prsiseae |_| Palermo (.yPeaw ———————*ie[e | 
Tmetacene |_| Aerastchum speciosum wind +i | fs 
PRanuneuace |_| Cemansgbemidesoc._——————~i i’ | | 
PRanincuacene |__| Clemairictrngtcray +t [1 |_| 
TResionaseae |__| Ratan patos (be) Gags R LASomon TV [1 [1 _[ 
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Family Name 


Restionaceae 


Baloskion tenuiculme (S.T.Blake) B.G.Briggs & 
L.A.S.Johnson 


Baloskion tetraphyllum subsp. meiostachyum 
(L.A.S.Johnson & O.D.Evans) B.G.Briggs & 
L.A.S Johnson 


Coleocarya gracilis S.T.Blake 1 


Empodisma minus (Hook.f.) L.A.S Johnson & 
D.F.Cutler 


Eurychorda complanata (R.Br.) B.G.Briggs & 1 
L.A.S.Johnson 


Status! | Botanical Name SP | FP 
1 1 
1 1 


Restionaceae 


Restionaceae 


Restionaceae 


Restionaceae 


Hypolaena fastigiata R.Br 
Leptocarpus tenax (Labill.) R.Br. 
Lepyrodia sp. (Dunwich F.M.Bailey AQ108089) l 


Sporadanthus caudatus (L.A.S.Johnson & O.D.Evans) 
B.G Briggs & L.A.S.Johnson 


Sporadanthus interruptus (F.Muell.) B.G. Briggs & 1 ] 
L.A.S.Johnson 
1 


Alphitonia excelsa (Fenzl) Benth. a J 
Alphitonia petriei Braid & C.T.White = 


Restionaceae 
Restionaceae 
Restionaceae 


Restionaceae 


Restionaceae 


Rhamnaceae 
Rhamnaceae 


Rhamnaceae 


[Emnenospermacuminghamiibents | 

PRipogonacere |_| Ripgomim discolor wes ii 
Prowse «(| Rhephicepsindca(LyLind i 
Prowsne |_| Rs olcamas var. tabs A RBean 


Rosaceae Rubus parvifolius L 


Rubus probus L.H.Bailey 


Rhizophoraceae 
Rhizophoraceae 
1 


1 
Rosaceae 


Rubiaceae 


Atractocarpus chartaceus (F.Muell.) Puttock 1 
Coelospermum paniculatum F.Muell. var. paniculatum an rr a 


Cyclophyllum coprosmoides (F.Muell.) S.T.Reynolds & 
R.J.F.Hend. var. coprosmoides 


Rubiaceae 


Rubiaceae 


Rubiaceae Cyclophyllum coprosmoides var. spathulatum 


(O.Schwarz) S.T.Reynolds & R.J.F.Hend. 


Cyclophyllum longipetalum S.T.Reynolds & R.J.F.Hend. 


Rubiaceae 
Rubiaceae 


Rubiaceae Morinda jasminoides A.Cunn. ex Hook 


ET 
otdentnda genes EMuciyeNe —___[1_| | | 
[Pom umbels (Gaen) Sol. exARew |_|) [1 
tet 


Rubiaceae 


Rubiaceae 


N Durringtonia paludosa R.J.F.Hend. & Guymer 1 


Rubiaceae 





Rubiaceae 


COMPARATIVE FLORISTIC ANALYSIS OF VEGETATION ON 177 
THE DUNE ISLANDS OF SOUTH-EAST QUEENSLAND 


Rubiaceae Psydrax lamprophylla (F.Muell.) Bridson forma 1 
lamprophylla 


Ribas |__| Speco ois th, || 
Rubies, ||| aio Gaia) Mans antag | 
rRonpicess «|i Rpimertimat. ——SSSSCS*dS CO 
PRatacere iY Aromchiaimperorta Roacts i 
Rute | __—[ Aree wiceino EM) TOR | [a _| | 
rRutwere | ——=*d Breit ACumnw enn, df 
Pritcese |__| Born occidenais Duets —————id——i 

Rube | Romine — IS 

Boronia rivularis C.T.White le 1 

PRitwcese || vent romariniot Cun, cn = 

PRutcere iY Boon sfoibra hes 

Citrus x limon (L.) Osbeck 

PRutwcese «| —*d rsomon ass Pos 

TRiteese | —_—( ders bennetiona EM exes | [| | 
Rute insets || 
PRutcere id Hatt tndack (Montour) Galleanin +t ff) | 
PRitwcese |_| top eterna (EMueh) TGHaney fr _ [a |) | 
PRutacere | Metco vtora Fuel) TG Hints | [af | 
[Rises | rntiancuies oyceoe acca |p || 
rRitacese |__| Paton noomive EMule) Domin | [aft [a 
Peutacere | Pitta eestanioa CTWhieyPLFo [| | | 
PRuacere | Perit aplplas EMul) EG Hany | 
[PS 2 
PRutwcess «| id ert its, id 
alka (DSi i 
[Suaoacnd _|* | Santewmire, id | 
[samciaese |_| Samos repens OR Font &GFonstyPas =i 
[sanaicers |_| Ghosirum canoe Mul exBent, i 
[Siniibeas |__| Broan ngresform Tabi. 
[Seiaicesy || Rrocareoriaiobwrbe——————*d | 
[sanaisese | eptomera anita id 
[Suaaicsny dW Tsim rated 
[Sipniacess |__| Alripen corer (enti) Taae =| |_| 
[sapinacese | | Aeon recuensRaa, SSS i 
Hugaaaae |S eirtapemmme arin | 
[Seiniceis |__| aetna (AREA | [| | 
[Sapindaceae Dodonaea rigueracWendl. 


a] 
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[sapinicese |__| Dodoma viscsnacg aban vicoss =| ft | | 
[sapncese |__| Ddonaa viscosa it, burmannana OC)TGWe |r _[1_[1_| 
[sapnicese | (Giion acusptaraae. «| | 
[sapiniceae |_| dager petri (Rich) Rae var ponds | [| [| 
[sapniceae |__| Macharyteraeaererana Mba) H-tumer_—| [1 | | 
ES a 


Sapindaceae Mischocarpus pyriformis (F.Muell.) Radlk. subsp. 
pyriformis 


Tapnsese |_| Seon paramere —————~| fr | | 
[sapaseae |__| Planchontta charac Mul ex Bentnywtztam | [| | 
[sapaseae |_| Pomeriaqueenstandica PRoyer isp | [1 | | 
[senineasee |__| Edom micropintm (Cavyibe_————‘tr [x fr [i 
[senineacee |_| Sehacea dchonomatysm id 
[scnineasne |_| Siu matacena Raker var malcooma | | | [1 
[scophuaacse | | ArtnenafmtriumDdon «di | 
[scophuaacse |_| Bacon momiet(Lyremel fr [x [1 [1 
[scophuaacsne |_| Bacineranrictann —————————~d | 
[scophularacse |_| Contranheracocinhinensis(kouryen |r | | [1 
[scophuaacse |_| Linder sp abe nana sTmake 700) | [| [1 
[scophuaacene [| Marandvascantone(Canyten —————~+| | |) | 
[scophuaacsre [+ | Seopanaducvs. ———————SS—~d | | id 
[scophularacse |__| Fenn plebowae—————S—S—S—~d | | i 
[selaginlaceae | Seana ignsa Labi swng fr [a | [1 
[smitacaese |_| SmitcamaratsRer id 
ES 7 


Solanaceae Capsicum annuum vat. glabriusculum (Dunal) Heiser & 
see 


[soaaseae (| Capsteum frescos ——————S—SS—~d | | dC 
[soamseae [| Cesrum ncctrmimt. id | | i 
[soaseae __-[* | Datwasramoniume. +i | | | 
[soasese |__| Diba myporcizese ————S~d Si | 
[soamseae __[* | Piysaispermanan. _——————~d | | iY 
[soanaseae | * | Sot copscdes_———————~d | | iY 
Ea 


Solanaceae Solanum lycopersicum var. cerasiforme (Dunal) 
D.M.Spooner, G.J-Anderson & R.K.Jansen 


[soanaceae [= | Sotanim manriiammseep «di | | i 
[soanacese [= | Solanum seafortiomm andrews ‘tt | | | 
[srarmannaone [= | trumpet rhombodeataon, 1 | | | 
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[sackhouiaewe |_| Stckhonsia mata ———————SSSC~d SCLC 
[suekhousiaose |__| Schone sation Sebrexwene ft _[1_[1 [1 _ 
| Stackhousiaceae ss |_———=| StackhousiavimineaSm. ssi Stackhousia viminea Sm. pif ffi 


Sterculiaceae Brachychiton populneus (Schott & Endl.) R.Br. subsp. 
populneus 


/Stylidiaceae =| | StylidiumdebileFMuell. sd Stylidium debile F.Muell. | ad ae a 
[suiiacse | [Sum graminiotim Sw——i 
[suiacsee | [Sum ona stBRks id 
[soitacere |_| Sit ener speng, ——————S—S—S—~dE (it | | 
[symtocaeae |__| SsmplocorstoneivrMuc var ove | [1 | | 
tamarcwess | * | merivargta(LyaKawt. —————SSS*d || 
theyiendacae || Crista deca (Fons) Browasey @iemmy ft ||| 
Thyra |_| Crista spit (Deene)Hottum | [| [1 
thetyteidacae | Gress inerrpms (Wile) Ho sd 
theyicidaeae [WV [ Thepneris conten (Trab) CVMoren ft || | 
PTiymetasceae |_| Phaeriacermseana EM Bailey CTWne | [1] [| 
Priymeaesceee |_| Phare ocnara ype. iY Si | 
|Thymelacaceae = | Pimelea linifolia Sm. subsp. linifolia 
Tiyesncee |_| Witsoe inva L)CAMay, id | 
Pinesinerisacese |__| Tesipris rata BtyDeW——————~Y | 
trpacieese | | eparctemnanw. id | 
Eo 
Putnaceae || Ceti parca na Pane = i] 
a 
Pongeese |__| ema omertna Reyne SSS 

Paes |_| remanent a pera Brongn) Hewson 

Ponies Ptr argue (Gorsty Wea 

Pveremceas Sd Derenivorectsl, dd 

Peieicess (Leena comers id Od 
Tertensone |_| Pints conscens KuniyGrene———SS~sCE 
Pieiemcess | —*dPhtrnifora Gres id | 
Pvertenceae (| * | Stcntrphtajamccenss cant 
Pieencess | * | Stctarphte tabi ea Vand || 
Tetensone | * | Ferbenaincomparweichast =i || 
Pveencess +d (Ween oat Kant van tier Sid | 
[victcess | [Hants mnopetains SchiyDonin P| 
Pviowceae | — pantie tries Demin PLFort |_| | 
Pvictwere dH RTH Poker ——————SS«dt | P| 
a 07 7 
[Wntons. || tates prea Gaee | 
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Tvacaee i Nettie tres id 
Pscaeae | Pc arta bur i? 
[aces |_| Crna ctemaiten (EMueitybonin fr | | [1 
Paces «did Cisco Gry i 
Paceae |_| Cis stereo (EM ex Bens Paneh fr _[v | | 
[viceae |_| Clematis apace Fat Faces & Rosewo [r_[1 | | 
[aceae |_| Parthenon prance. | [| | 
Tviarcese id Parts eongaasw, i ST id 
[viariasne |__| Para ensormis wid i 

[wintaceae |_| Tasmania nsipoee —————~d i | 
Diantoroeasae |_| Namthorroea iva atm Ded rf [ | 


Drantoroeaese |_| Nanthorrowajomnsonia use fr [x [1 [1 
Diantoroecese |__| Namthoroeu maronena eMusic extente fr [|r| 
Didacse =| —~driscompionaoas id 
Divrdacne | —d rise ———SSCSCS—~s Yd 
Divides |_| ris percntaacan iT | 

Laie) 


}Zamiaceae | Macrozamia erie W.Hill ex F.M. Bailey 


Zngtercere |__| Alenia aranatiena (EM K-Semums | [| | 


igen | | Ara core) Bow, [a | 
eS ea, NE = 


Zosteraceae Zostera muelleri subsp. capricorni (Asch.) 
S.W.L.Jacobs 


[SYMBOLCODE _[* __[eatwalsedapecies notmatverohewea «dT —«d| «dT sd 
_—___] 2 sanetiy tne species ____ doubtfully naturalised species [ee ee] 


“Endangered” status in Queensland Nature 
Conservation Act 1992 
“Vulnerable” status in Queensland Nature Conservation 
Act 1992 

N “Near Threatened” status in Queensland Nature 
Conservation Act 1992 

x “Presumed Extinct” status in Queensland Nature 
Conservation Act 1992 


pT Frasertstand 
pt Moretonistans 
pd BE Bribictstand 
pt Species Present 





STRUCTURE AND SPECIES RICHNESS 


SPECHT, R.L. 


During the last 730,000 years, sea levels have fallen six times to expose the continental shelf, from 
which sand was blown inland to form the sandy islands of Stradbroke Island, Moreton Island, Bribie 
Island and Fraser Island, also Cooloola. As the organic matter and nutrient levels in the sandy soils of 
the dunes increased over the first 90,000 years, the vegetation developed from coastal dune vegetation 
to a eucalypt open-forest with a heathy understorey. Over the next 600,000 years, continual leaching 
reduced the nutrient level in the surface soil; the vegetation degenerated from an open-forest to a 
heathland. The combined foliage projective covers of the overstorey and understorey strata of each 
plant community remains constant during this succession. As available soil water decreases in dryland 
plant communities, species richness (number of species per hectare) of the understorey increases as 
overstorey cover decreases. In contrast, in wetland continua, as the density and height of overstorey 
trees decreases to zero as the soil becomes more waterlogged (more anaerobic), species richness of the 
understorey decreases. 


Raymond L. Specht (r.specht@uqconnect.net), Emeritus Professor of Botany, The University of 
Queensland, 107 Central Avenue, St Lucia, Queensland 4067 
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INTRODUCTION 

The ecosystems that have developed on the series of 
Quaternary dunes that form the sandy islands, also 
Cooloola, in south-eastern Queensland are increasingly 
coming under pressure from anthropogenic impacts 
such as increasing population, extraction of 
groundwater, recreational use, tourism and mining. 
The aim of this article is to provide a geological, 
hydrological and ecological context to understand the 
development of the structure and biodiversity of plant 
communities on these Quaternary dune systems. 


CLIMATIC CHANGES DURING 
THE QUATERNARY 
During the Quaternary, the world experienced 
several periods of increased polar glaciation — Ice 
Ages. During these Ice Ages, sea-levels fell, thus 
exposing continental shelves; fine sand (+ calcareous 
dust —containing aragonite in southern Australia; 
calcite, rich in magnesium, from coralline algae in 
north-eastern Australia) was blown inland by wind- 
erosion. Over the last 400 000 years, ten calcarenite 
coastal dunes have been stranded on the slowly rising 
landscape of the South East region of South Australia 
(Crocker 1944; Schwebel 1984). During the last 120 
000 years, five overlapping siliceous dunes (Fig. 1a) 
resulted in the Cooloola sand-dune system of south- 
eastern Queensland (Tejan-Kella eral. 1990; Thompson 


1981, 1983, 1992; Thompson et al. 1996; Walker et al. 
1981, 1984, 1987). Between 40 000 to 9000 yr BP in 
north-eastern Queensland, sea-level fell to 50 m (later 
falling to 115 m, then rising to 30 m) below present 
sea-level, thus stranding the Great Barrier Reef on the 
exposed continental shelf (Hopkins et a/. 1993, 1996). 
Wind winnowed the continental shelf to produce the 
large siliceous dune system at Cape Flattery (Pye & 
Jackes 1981). Calcarenite dunes resulted wherever 
fragments of coralline algae were contained in dust 
blown inland from exposed coral reefs (Specht 1958; 
Byrnes et al. 1977). Palynological evidence revealed 
that rainforest species declined markedly during the 
dry period between 30 000 and 10 000 years BP, then 
rapidly expanded to invade the eucalypt forests that 
had occupied the region (Kershaw 1981, 1985, 1986, 
1992; Kershaw & Sluiter 1982: Kershaw & Nix 1988; 
Kershaw et al. 1993; Hopkins et al. 1993, 1996). 


Four times in the last 1000 years, periods of cold climate 
were recorded in Europe — the Oort Minimum AD1050- 
1120, the Wolf Minimum AD1290-1370, the Sporer 
Minimum AD1420-1570, and the Maunder Minimum 
(the Little Ice Age) AD1650-1720. Historically, these 
mini ice ages occurred when sunspot activity was 
minimal (Clark 2006). A fall in sea-level during two 
of these mini ice ages appear to have produced the 
present-day primary and secondary coastal dunes along 
the eastern coastline of Australia (Specht 1997). 
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FIG. 1. (a). Schematic representation of the relationship 
of dune systems, and increasing dimensions of podsol 
profile development with age, at Cooloola, south-eastern 
Queensland (Thompson 1992). Dune system 4 has been 
thermo-luminescence dated at 90 000 years BP; dune 
system 5 at 120 000 years BP; and dune system 6 at over 
730 000 years BP (Tejan-Kella et a/. 1990). (b) Changes in 
foliage crown cover and height across the chronosequence at 
Cooloola, south-east Queensland (Thompson 1992). 
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HYDROLOGY 

As the Island is formed of a series of massive dunes, 
surface run-off occurs in very few localities. The 
infiltration capacity of the Island is considered to be 
at least 13cm per hour. Precipitation passes rapidly 
through the sandy soil and the excess water not used 
by the vegetation infiltrates into the standing ground- 
water or into perched water-tables where impermeable 
layers have developed in the deep sands. The ground- 
water supersaturates a lens-shaped body of sand at the 
base of the island — the surface of the lens rising from 
sea-level at the coasts to an elevation of 60m above 
sea-level near the centre of the Island (Fig. 2). 


Blue Lake is a ‘window’ in this lens where a valley 
cuts through the ground-water table (Fig. 2). In 
contrast, Brown Lake is part of a perched water- 
table on an impermeable stratum developed within 
the high dunes some 24m above the main ground- 
water table (Fig. 2). 


Excess water seeps laterally out of the ground-water 
table into Moreton Bay on the west, into a series of 
swamps on the north, and into Eighteen Mile Swamp 
on the east. Lateral seepage losses from the ground- 
water table have been estimated to be 59.4 x 10? cubic 
metres per day (Laycock 1975). 


The stream flows of the three major perennial streams 
have been estimated (Laycock 1971) as follows: — 
Blue Lake out-flow 17 900 m? per day; Myora Creek 
2400 m? per day; Fresh-water Creek (draining into 
Eighteen Mile Swamp) 87 000 m3 per day. 
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FIG. 2. Cross-section of North Stradbroke Island, running approximately north-west to south-east from Moreton Bay to the 
Pacific Ocean through Mount Hardgrave, the highest dune on the Island (Clifford & Specht 1979). Approximate level of 
standing ground-water is indicated by a broken line labeled S. W. L. (Laycock 1971). 
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DEVELOPMENT OF STRUCTURE AND SPECIES RICHNESS 


The remainder of the precipitation is lost by 
evapotranspiration from the ecosystems on the Island 
(Clifford & Specht 1979). 


EVAPOTRANSPIRATION 

In all regions of Australia that experience seasonal 
drought, the Monthly Evaporative Coefficient (k = 
Actual/Potential Evapotranspiration, plotted against 
Available Soil Water) of the major plant community 
(with associated consumers and decomposers) has 
been shown to be a constant during every month of 
the year —irrespective of the fluctuations in rainfall 
from year to year (Specht 1972). 


Moisture Index = E/E, = E/E, =k Avail. Water = k 
(P-R-D+s_) 


Where 

E, = Monthly Actual Evapotranspiration 

E, = Monthly Potential Evapotranspiration 

E, = Monthly Pan Evaporation 

k = Evaporative Coefficient (a community-physiology 
constant) 

P= Monthly Precipitation 

R = Monthly Run-off 

D = Monthly Drainage 

Sq = Extractable soil water (at beginning of month) 


As the annual amount of soil water retained within 
the rooting zone increases in the continuum from 
heathland to tree-heath to heathy woodland to heathy 
open-forest, the Evaporative Coefficient (k) remains 
constant (Fig. 3). The combined Foliage Projective 
Covers of overstorey and understorey strata in this 
dryland continuum also remains constant. When 
available soil water is optimal during every month 
of the year (Annual Moisture Index = 1.0), the 
combined Foliage Projective Cover of the open- 
structured plant communities abruptly changes to 
that of a closed-forest (Fig. 3). 


VEGETATION DEVELOPMENT ON 
QUATERNARY DUNES 
Four Holocene dune systems were blown inland 
over the older Pleistocene dune systems (more 
than 120 000 years BP) at Cooloola (Fig. 1a). As 
the vegetation on these dunes developed with age, 
organic matter slowly accumulated in the soil while 
fine clay and iron oxide particles were leached 
into the deeper soil to produce a podsolic profile. 
Simultaneously, the vegetation gradually developed 
to form a heathy open-forest with height of almost 
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FIG. 3. (a) Annual Moisture Index (actual/potential 
evapotranspiration = E/E.) plotted against the amount of 
Available Water retained (over the yearly cycle) in the 
rooting zone of Stradbroke Island vegetation on deep sands 
(Clifford & Specht 1979; Specht & Specht 1999). (b) Foliage 
Projective Cover of the overstorey (FPC,) of the open-forest 
vegetation on Stradbroke Island changes abruptly to closed- 
forest when Available Water is non-limiting (when the 
Moisture Index, E,/E, = 1.0) during every month of the year 
(Specht 1972; Specht & Specht 1999). 


40m (Fig. 1b). Wherever the root systems were 
supplied with optimal soil water during every month 
of the year, a closed-forest community developed 
(Webb & Tracey 1975). 


In the older Pleistocene dune systems (over 730 000 
years BP in age), organic matter and fine particles had 
been continuously leached to depths beyond the reach 
of most root systems. With time, overstorey trees 
decreased in height and density; eventually only the 
heathy understorey vegetation survived (Fig. 1b). 


When sea-levels fell during the last 1000 years, two 
new dune systems —termed the older ‘secondary’ and 
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FIG. 4. A cross-section of the topography and vegetation of the coastal dune system on Flinders Beach, North Stradbroke 
Island, south-eastern Queensland, illustrates the effect of the mini ice ages that have occurred during the last 1000 years 


(Clifford & Specht 1979; Specht 1997). 


more-recent ‘primary’ dune systems — developed in 
front of the original coastal dune (Specht 1997). On 
the ‘primary’ dune system, only prostrate creepers, 
such as Spinifex hirsutus and Ipomoea pes-caprae can 
survive the force of ocean winds. On the ‘secondary’ 
dune system at Flinders Beach, wind-pruned Acacia 
sophorae and Banksia integrifolia gradually increase 
in height up to 2m (Fig. 4). 


Soils and vegetation communities (Fig. 5) similar to 
the chronosequence observed at Cooloola are seen on 
North Stradbroke Island (Thompson & Ward 1975; 
Clifford & Specht 1979). 


1. Foliage Projective Cover 

During the short period of foliage shoot growth each 
year, aerodynamic fluxes (frictional, thermal and 
evaporative) in the atmosphere as it flows over and 
through a plant community affect the development 


of lateral shoots at the edge of all plants in the 
ecosystem (Specht 1983). On the deep sandy soils of 
Stradbroke Island, as more precipitation is retained 
within the rooting zone in the continuum from 
heathland to open-forest, the combined Foliage 
Projective Covers (FPC, the percentage of ground 
area covered by the vertical projection of foliage 
of overstorey (FPC,) and understorey (FPC,) strata 
— (FPC, + FPC,) —remains relatively constant 
(Specht & Morgan 1981), slightly increasing 
into the closed-forest ecosystems (Fig. 6a, after 
Specht 2009) As the density and Foliage Projective 
Cover of the overstorey in the dryland continuum 
increases, the species richness (number of species 
per hectare) of the understorey stratum declines 
(Specht et al. 1984; Specht 2009). The combined 
FPC of overstorey and understorey strata also 
remains relatively constant as the soil becomes 
more waterlogged (less aerated) in the wetland 
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FIG. 5. Vegetation map of the northern portion of North Stradbroke Island (Clifford & Specht 1979). 
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continuum (Fig. 6b, after Specht 2009). However, 
the species richness of both the overstorey and the 
understorey declines in the wetland continuum 
(Connor & Clifford 1972: Specht 2009). 


2. Vertical foliage growth 

Although aerodynamic fluxes in the atmosphere 
control the FPC of both overstorey and understorey 
strata within a plant community, the number of 
leaves produced on each vertical shoot depends on 
the amount of water and plant nutrients transported 
to growing foliage apices to produce high-energy 
phosphate and nitrogen compounds. Over several 
decades, net photosynthesis in the vertical foliage 
shoots leads to the mature height of each life-form in 
the plant community (Fig. 1b). 


The density of leaves on each vertical foliage shoot (in 
each life-form) determines the boundary-layer temperature 
of the foliage apices during the period of active growth 
(Specht & Yates 1990). The ratio of foliar nitrogen to foliar 
phosphorus determines leaf attributes and mature height 
of each life-form (Specht & Specht 2010). 


PHOSPHORUS AND NITROGEN NUTRITION 
The siliceous sand that was blown inland from the 
continental shelf when sea-levels fell to form the dune 
islands in south-east Queensland was almost devoid of 
plant nutrients. Over time, the vegetation gradually trapped 
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some nutrient ions from rotting biota blown inland off the 
sea-shore. Soil organic matter slowly increased (Fig. 1a) 
enabling nitrogen fixation to occur; a heathy open-forest 
developed (Fig. la & Fig. 1b). The biomass and structure 
(both above and below ground to 10m depth) of a heathy 
open-forest on the eastern side of North Stradbroke Island, 
together with seasonal nutrition dynamics, has been 
studied (Rogers & Westman 1977, 1981; Westman 1978; 
Westman & Rogers 1977a, 1977b). 


However in dune systems older than 120 000 years 
BP, the vital nutrients in the organic matter had been 
gradually leached to form a deep podsolic profile 
on which overstorey trees failed to survive — thus 
leaving the heathy understorey (Fig. 1b). 


This heathy vegetation of Australia has survived on 
minimal phosphate and nitrogen nutrients for 50-100 
million years — before the breakup of the Gondwanan 
super-continent (Specht & Rayson 1957). Controlled 
experiments applying phosphate and nitrate fertilizer 
were conducted for over a decade on uniform stands of 
heathland in the Upper South East of South Australia 
(Specht 1963) and at Beerwah (Connor & Wilson 1968) 
and on Stradbroke Island in south-east Queensland 
(Specht 1975; Specht et al. 1977). All heath plants 
responded to applied phosphate fertilizer — short-lived 
understorey plants that regenerated after fire showing 
the greatest response. Although the growth rate of each 
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FIG. 6. Foliage Projective Covers of overstorey (FPC,%) and understorey (FPC,%) strata of dryland and wetland plant 
communities on North Stradbroke Island plotted against the percentage annual precipitation (P) or aerated water (W) in the 
rooting zone in dryland vegetation (FIG. 6a) or available in wetlands during months when the surface soil is not waterlogged 


(FIG. 6b) (Specht 2009). 
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heath species increased, the age before death was often 
halved. Regeneration of seedlings was then affected by 
“phosphorus toxicity’ (Ozanne & Specht 1981) — thus 
leading to the slow death of the ecosystem that was 
replaced by invasive weeds (Specht ef a/. 1984). 


ALPHA DIVERSITY (SPECIES RICHNESS 
PER HECTARE) 
Soil nutrients influence not only the vertical growth 
of foliage shoots during their season of growth, but 
also the net photosynthesis (per annum) fixed by 
the overstorey foliage. Alpha diversities (number of 
species per hectare) of overstorey and understorey 
plants have been shown to be correlated with 
annual biomass production of overstorey foliage 
in the major Australian floristic groups (Specht & 
Specht 1989a, 1989b; Specht et al. 1990, 1991; A. 
Specht & Specht 1993, 1994). As foliar nitrogen 
and foliar phosphorus are extremely low in the 
eucalypts growing on the nutrient-poor soils of 
North Stradbroke Island, the fixation of solar 
energy (per hectare) is greatly reduced (Specht & 
Specht 1999, pp. 277-301). Plant species richness 
in the overstorey of open-forests on the island 
is about a third of the species richness in open- 
forests on the medium-nutrient soils of Brisbane 
Forest Park (Specht et a/. 1990). Since the alpha 
diversity of resident vertebrates (small mammals, 
birds, snakes, lizards and amphibia) in each 
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Floristic Group is closely correlated with the alpha 
diversity of plants, (Braithwaite et al. 1985; A. 
Specht 1988; Specht 1988, 1994), vertebrate alpha 
diversity on such dune islands is also expected to 
be lower (Specht & Tyler 2010). 


MANGROVE, SALT-MARSH AND MARINE- 
MEADOW ECOSYSTEMS 

Coastal wetlands of mangrove and _ salt-marsh 
vegetation have developed on the western and southern 
coasts of Stradbroke Island. Two tidal oscillations of 
high and low tides occur daily. Spring tides occur each 
fortnight, with tidal ranges greater than the mean high 
and mean low, averaged for the month. High tides are 
then very high (Extreme High-Water Springs); low 
tides are very low (Extreme Low-Water Springs). 


The distribution of plant communities with respect to 
the tidal range from lower to upper levels is as follows 
(Fig. 7): 

Marine-meadow — mean sea-level to the sub-littoral 
Mangrove vegetation — mean sea-level to mean high- 
water springs 

Salt-marsh — extreme high-water springs 
Salt-meadow — extreme high-water springs, plus 
freshwater 


The combined FPC of these coastal vegetation systems 
remains relatively constant as daily tidal inundation 
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FIG. 7. Tidal oscillations in mangrove and marine meadow ecosystems near Myora, North Stradbroke Island (Marion Specht 


in Clifford & Specht 1979). 
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becomes more infrequent towards extreme high-water 
springs. Mangrove vegetation is replaced by marine- 
meadow vegetation below mean sea-level (Marion 
Specht in Clifford & Specht 1979 and in Saenger et al. 
1977). In the intertidal region (above mean sea-level) that 
is flooded twice daily, a dense overstorey of mangrove 
trees develops with little understorey able to exist in the 
dense shade. Where the intertidal region is less frequently 
flooded as mean high-water springs is approached, the 
FPC of the overstorey mangroves declines allowing some 
the FPC of understorey species to develop (Davie 1984). 
In the intertidal zone of extreme high-water springs that 
is rarely flooded, mangrove trees fails to survive; salt- 
marsh vegetation then develops. 


CONCLUSION 
As evident from the above synthesis, dune island plant 
communities in south-eastern Queensland emerge 
as a result of intricate interactions of geological, 
hydrological and ecological processes. In managing 
these ecosystems in the face of anthropogenic 
pressures, it is prudent to bear this context in mind. 
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THE INFLUENCE OF WATER DEPTH ON THE DISTRIBUTION OF THE 
EMERGENT SEDGE LEPIRONIA ARTICULATA (CYPERACEAE) IN TWO DUNE 
LAKES OF SOUTHERN QUEENSLAND COASTAL WALLUM WETLANDS 


MARSHALL, J.C. & McGREGOR, G.B. 


The emergent sedge Lepironia articulata (Retz.) Domin is a prominent aquatic plant growing in coastal 
dune lakes on North Stradbroke Island (south east Queensland, Australia) where it is an important 
source of three-dimensional habitat structure for lake biota. Despite the obvious importance of the 
species to wetland ecosystems, it has been little studied either in Australia or elsewhere. In order 
to understand more about the habitat attributes that support this important species, we surveyed the 
bathymetry of two dune lakes, Blue Lake and Swallow Lagoon, and identified that stands of Lepironia 
articulata occur growing from the wetland margin and in water up to 5.5 m deep in Blue Lake and 
4.4 m deep in Swallow Lagoon. The different optical properties and stratification regimes of the two 
wetlands may have influenced the distributions of L. articulata. Alterations to wetland water depth may 
have important ramifications for the ecology of these lakes as many other species are dependent upon 
either habitat provided by L. articulata or upon free water that is not populated by this sedge. 
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INTRODUCTION 

Lepironia articulata (Retz.) Domin (Cyperaceae) is a 
conspicuous component of the sedge flora in coastal 
wallum wetlands from central New South Wales 
to north Queensland and the Northern Territory 
(Harden, 1993; Stephens & Sharp, 2009). Outside 
Australia the species has a wide coastal distribution 
throughout south-east Asia, the south-west Pacific 
and Madagascar (Shaji et al., 2009). It stabilises 
wetland banks (Sims et al., 2008) and because of 
its robust form, with both submerged and emergent 
portions of culms that are more rigid and of a greater 
diameter than other sympatric sedge species, it 
forms important vertical structural habitat for birds 
(McFarland 1988), fish and aquatic invertebrates 
(Bensink & Burton 1975; Arthington et al., 1986), 
frogs (Ingram & Corben, 1975) and provides a hard, 
stable substrate for periphyton (McGregor, 2007) 
(Figure 1). It is also utilised as a food source by 
freshwater turtles (Georges, 1982). 


Despite the obvious importance of the species to lake 
and wetland ecosystems, it has been little studied 
either in Australia or elsewhere. Much of what is 
known about the population ecology and water depth 
preferences of the species is derived from a single 
study conducted in a lowland tropical swamp in 
Malaysia (Ikusima, 1978). In this swamp it grew in 
water from 0.5 to 0.8 m deep, at a culm density up 


to 137 m” and to a height of 2 m above the swamp 
bed. Individual culms emerged from rhizomes every 
51 to 77 days, matured in three months and lived 
for seven to ten months. Culms emerged from the 
apices of rhizomes with up to ten living culms per 
rhizome arranged linearly in order of age. In New 
South Wales, Australia, it has been recorded growing 
in a maximum water depth of 1 m (Harden, 1993) 
but considerably deeper in a Queensland dune lake 
(Bensink & Burton, 1975). 


North Stradbroke Island in Moreton Bay, south-east 
Queensland supports over 70 named wetlands occurring 
as complex mosaics of lacustrine, riverine and palustrine 
systems comprising permanent and ephemeral streams, 
lagoons and lakes and wet heath communities dominated 
by sedges (see Marshall et al., 2011). L. articulata is a 
dominant littoral plant in the majority of these wetlands. 
In order to understand more about the habitat attributes 
that support this important species, we investigated its 
distribution in two contrasting lacustrine wetlands, Blue 
Lake and Swallow Lagoon (Figures 1 & 2), in relation 
to water depth and lake bathymetry. These two wetlands 
were chosen for the study because 1) L. articulata is the 
dominant sedge in both, ii) they have contrasting optical 
properties and stratification regimes which we expected 
to influence L. articulata distribution, and iti) they are 
amongst the few wetlands on the island amenable to 
boat-based bathymetric survey. 


194 


PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 





FIG.1. Photographs of (A) Blue Lake, (B) Lepironia articulata growing on the margin of a wallum wetland demonstrating its 
characteristic grey-green colour and typical emergent growth form, (C) Swallow Lagoon, (D & E) epiphytic micro-algae and 
cyanobacteria growing on L. articulata culms. All photographs are by the authors. 


MATERIALS AND METHODS 

STUDY SITES 

Blue Lake is a barrage/watertable window lake situated 
in Blue Lake National Park (Lee-Manwar et al., 1980). 
It intersects the regional water table and is characterised 
by permanent surface water and low water residence 
time (average of 29 days) (Marshall et al., 2006). The 
lake outflow, which is controlled by a sedge wetland 
forming a natural barrage feature, follows an easterly 
drainage line discharging to Eighteen Mile Swamp 
via Blue Lake Outflow Creek. Historical records 
show that over the past 30 years the lake water level 
has fluctuated by less than 0.5 m (Bensink & Burton, 
1975; Laycock, 1975. Furthermore, evidence from 
cores of lake-bed sediment suggests that Blue Lake 
has been hydrologically and ecologically very stable 
over the past 7 400 years (McGregor et al., 2008). 
The lake provides habitat for the endangered Oxleyan 


Pygmy Perch (Nannoperca oxleyana) (see Marshall 
et al., 2011), the restricted Ornate Rainbowfish 
(Rhadinocentrus ornatus), and the endemic (listing 
pending) submerged sedge Eleocharis difformis 
(Leiper et al., 2008). 


Swallow Lagoon is a naturally acidic, oligotrophic 
perched lake situated in dune depressions amid 
stabilized high sand dunes, with its aquifer separate 
from, and at a much higher altitude than, the island’s 
main water table (Laycock, 1975; Mosisch & 
Arthington, 2001). In contrast to Blue Lake, which 
is optically deep (Bensink & Burton, 1975), Swallow 
Lagoon is darkly coloured and optically shallow. 


BATHYMETRIC SURVEYS 
Bathymetry of the two wetlands was surveyed using a 
boat mounted sonar system (Garmin FF250DD Mono 
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FIG. 2. Map indicating (inset) the location of North Stradbroke 
Island in the Australian state of Queensland, and the locations 
of Blue Lake and Swallow Lagoon on the island. 


depth sounder for Blue Lake, and Tritech Int. Ltd. 
Altimeter Model PA500/6-S for Swallow Lagoon) 
coupled to a GPS (Garmin GPS 77) by means of a 
data recorder (Rugged Brookhouse NMEA 0813). 
This configuration of equipment records depth, 
position, date and time every two seconds. Blue Lake 
was surveyed in April 2006 and Swallow Lagoon 
in October 2009. In both cases, a longitudinal cross 
section, a perimeter trace and 40 transects were run 
across the lake surface yielding a total of 11 428 
observations of paired depth and location coordinates 
for Blue Lake and 8 363 for Swallow Lagoon. 
These observations were used to generate a digital 
elevation model (DEM) of each wetland by linearly 
interpolating between known points (ArcGIS version 
9, ESRI). Wetland volume and area were calculated 
(ArcGIS version 9, 3d analyst tools, ESRI). 


LEPIRONIA ARTICULATA MAPPING 
The location of L. articulata was manually logged 


as points along each transect during the bathymetric 
survey (Rugged Brookhouse NMEA 0813). The extent 
of L. articulata in the lake was mapped on the DEM 
described above by interpolating between points by 
hand to form polygons. 


RESULTS 

Blue Lake bathymetry was characterised by steep 
banks and a low surface area to volume ratio (0.2) 
(Figure 3 & Table 1). With a maximum depth of 10.7 
m, it is the deepest wetland on the island (McGregor 
et al., 2008). Swallow Lagoon was basin shaped with 
much shallower bank slopes, a surface area to volume 
ratio double that of Blue Lake (0.4) and a shallower 
maximum depth of 5.3 m (Figure 4 & Table 1). 


In both wetlands, L. articulata grew as a littoral 
plant. In Swallow Lagoon it grew uniformly around 
the entire perimeter, whereas in Blue Lake it was 
patchy and absent from approximately half the margin 
(Figures 2, 3 & 4). The distribution of water depth in 
which L. articulata grew ranged from 0 m to 5.5 m in 
Blue Lake and 0 m to 4.4 m in Swallow Lagoon. In 
Blue Lake the depth distribution of LZ. articulata was 
approximately normal with a 75th percentile depth of 
2.7 m (Figure 5). Over 90 % of the lake was deeper 
than the maximum depth to which L. articulata grew 
(Figure 5). In Swallow Lagoon the depth distribution 
of L. articulata was bimodal with a 75th percentile 
depth of 3.6 m; this reflected the bimodal distribution 
of depths within the lagoon itself (Figure 6). Only 20 
% of Swallow Lagoon was deeper than the maximum 
depth at which L. articulata grew (Figure 6). In both 
wetlands the culms of L. articulata emerged from the 
water by approximately | to 2 m, meaning maximum 
culm lengths were this much greater than the maximum 
water depth where the plants grew (i.e. culms were up 
to 6.5 to 7.5 m long in Blue Lake). 


DISCUSSION 
Water depth has a strong influence on emergent 
macrophytes, representing the distance between the 
substratum (site of anchorage and nutrient supply) 
and the water surface (site of gas and light supply) 
(Weisner, 1991). Maximum depth is limited by both 
the physiological energy cost required to extend 
shoots to the water’s surface (Grace & Wetzel, 1982) 
and oxygen supply to the rooting zone (Yamasaki, 
1984). In this study, L. articulata was found growing 
in water over 4 m deep in both of the wetlands 
investigated on North Stradbroke Island. This is up to 
five and a half times deeper than the maximum of 1 m 
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FIG. 3. Bathymetry of Blue Lake surveyed in April 2006 
with interpolated 1 m contour lines and hashed polygons 
representing the distribution of Lepironia articulata. 
Elevation of the water’s edge is 13 m AHD. 


previously reported for the species (Ikusima, 1978; 
Harden, 1993) but very similar to the depths recorded 
(4-5 m) in a previous study of Blue Lake (Bensink 
& Burton, 1975). In fact, most of the L. articulata in 
both Blue Lake and Swallow Lagoon was growing in 
water considerably deeper than | m. 


The depth distributions of emergent aquatic 
macrophytes are influenced by their eco-physiological 
capacity to photosynthesise when roots are growing 
in hypoxic conditions (Grace & Wetzel, 1981, 1982). 
This is controlled by factors such as species-specific 
capacity to maintain ATP production in anaerobic root- 
zone conditions (Matsui & Tsuchtya, 2006). Swallow 
Lagoon stratifies, and the maximum depth of L. 
articulata occurrence equates to the average summer 
depth of the hypolimnion (DERM, unpublished data). 
Incontrast, Blue Lake is well mixed throughout the year 
(Bensink & Burton, 1975; DERM, unpublished data); 
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FIG. 4. Bathymetry of Swallow Lagoon surveyed in October 
2009 with interpolated 1 m contour lines and hashed region 
representing the distribution of Lepironia articulata. 
Elevation of the water’s edge is 152 m AHD. 


therefore, the 1.1 m greater maximum L. articulata 
depth in Blue Lake may reflect increased oxygen 
availability in the root zone. 


Ikusima, (1978) showed that maximum photosynthesis 
in L. articulata occurs near the base of culms (just 
above the wetland sediment), corresponding to the 
‘grass type’ (sensu Monsi & Saeki, 1953). The two 
wetlands in this study were very different in their 
optical environments. The water of Blue Lake is clear 
and the whole of the lake bed receives sufficient light 
for photosynthesis (Bensink & Burton, 1975; Bowling, 
1988), whereas Swallow Lagoon has water that is 
strongly coloured with gilvin (sensu Kirk, 2010) and 
light penetration into the water column is generally 
< 1.5 m (Bowling, 1988). Therefore, it is possible 
that maximum photosynthesis by L. articulata is 
near the wetland sediment in Blue Lake, but not in 
Swallow Lagoon, indicating flexibility in the location 
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FIG. 5. Depth distribution histograms incorporating 
cumulative frequency of (upper) Lepironia articulata 
distribution within Blue Lake from 757 survey records 
and (lower) water depth within the wetland from 11 
428 survey points. Y axis values indicate frequency and 
cumulative frequency of depth records within each of the 
depth ranges along the x axes. 


of maximum photosynthetic yield along culms in this 
species. It is also possible that the contrasting light 
regimes in the two wetlands contributed to differences 
in L. articulata maximum depth. 


Both wetlands had beds characterised by deep organic 
sediment accumulations and, as the dominant plant 
in both, it is likely that LZ. articulata contributed 
significantly to these sediments. Despite a low rate of 
primary production, L. articulata has been shown to 
contribute dead organic matter to wetland sediments 
at high rates (up to 2.24 g m? day’) (Ikusima, 1978), 
which are comparable to litter generation rates in 
Australian tropical rainforests (e.g. Spain, 1984). 


Our results show that water depth has an important 
limiting control on the distribution of L. articulata 
within wallum wetlands. Any alteration to the water 
depth in wetlands, due to natural climate fluctuation 
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FIG. 6. Depth distribution histograms incorporating 


cumulative frequency of (upper) Lepironia articulata 
distribution within Swallow Lagoon from 783 survey 
records and (lower) water depth within the wetland from 
8 363 survey points. Y axis values indicate frequency and 
cumulative frequency of depth records within each of the 
depth ranges along the x axes. 


or anthropogenic influences, would have important 
ramifications for the ecology of these lakes as many 
species are dependent upon the habitat provided by 
L. articulata (Bensink & Burton, 1975; Arthington 
& Marshall, 1999). Other species, such as the pelagic 
fish Tarpon (Megalops cyprinoides) in Blue Lake 
(see Marshall et al., this issue), require free water 
habitat that is not populated by macrophytes. Thus, 
depth-related changes to macrophyte distribution 
would have consequences for wetland ecosystem 
structure and integrity. 
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TABLE 1. Site location details and wetland characteristics. 


27°32’01"S, 27°29°55”’S, 
153°29°05”E 1539277 17”"E 


1.0 


Location 


Wetland type barrage/water table window lake perched lake 


Water source North Stradbroke Island regional 
aquifer 


Secchi Depth (m) 5.5-—6.5 


local perched aquifer 


monomictic, strongly stratified, anoxic 
hypolimnion, except in winter 


Annual stratification regime polymictic with consistently high 


dissolved oxygen through the water 
column 


Bed material fine sand overlaid by thick organic fine sand overlaid by thick organic 
sediment sediment 


' Elevation is Australian Height Datum (AHD) based on digital elevation model of North Stradbroke Island (DERM, 





unpublished data) 
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LONG-TERM MONITORING OF A COASTAL SANDY FRESHWATER WETLAND: 
EIGHTEEN MILE SWAMP, NORTH STRADBROKE ISLAND, QUEENSLAND 


SPECHT, A. & STUBBS, B.J 


The understanding developed through intensive monitoring over 18 years of Eighteen Mile Swamp on 
North Stradbroke Island, south-eastern Queensland, Australia, is discussed in this paper. This wetland 
is the largest coastal peat swamp in eastern Australia and is typified by its sandy, poor nutrient substrate 
and peat base. On-ground and remote monitoring was commissioned to detect any changes resulting 
from water extraction from the Swamp, which commenced in 1992. During the monitoring period 
(1988 until 2006) the Swamp was subject to fires and drought. The vegetation has displayed great 
resilience to many environmental perturbations, but changes in water level can, and have, altered the 
biota profoundly. Through analysis of structural and floristic data collected against the backdrop of 
natural and artificial change, the limitations to monitoring, when the basic function of the ecosystem 
is unknown, are highlighted. The monitoring goal is confounded by a high degree of natural variation, 
the long cycles of natural change, and the effect of extreme events. In order to determine the effect of 
human activity on such areas it is imperative to have a network of reference sites in similar areas and 
to sustain monitoring for long periods—at least 50 years—accompanied by information on relevant 
environmental effectors. 
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INTRODUCTION 

Coastal dunes are common throughout the world and 
often contain wetlands with significant spatial and 
temporal habitat variation (Timms, 1986; Specht, 
1993). The morphology of the east coast sand dune 
complex in Australia is a product of two major 
geological evolutionary processes: the deposition of 
the Pleistocene and Holocene barrier dune systems. 
The formation of the Pleistocene barrier occurred 
around 100 000 years BP, and the Holocene barrier 
between 17000 and 6500 years BP. This process of 
sand accretion has since ceased (about 2000 years 
BP) and the area is now experiencing shoreline 
recession (Chapman, 1982). Grain size varies within 
these systems, and together with the processes of 
organic matter deposition and leaching, determines 
moisture retention and drainage, resulting in areas of 
water entrapment and storage. The Holocene dunes, 
when intergraded with the older, leached Pleistocene 
dunes provide a reservoir in which rainwater may be 
trapped and stored. 


Freshwater wetlands are common within the 
sandy landmasses throughout southern Moreton 
Bay, south-eastern Queensland, with the largest 
examples occurring on North Stradbroke Island 


(Figure 1). These wetlands range from closed 
sedgeland (Gahnia sieberana, Lepironia articulata 
and Restio pallens) to Melaleuca quinquenervia 
open forest (Elsol & Dowling, 1976). In this study, 
the semi-permanent (usually containing sedgeland) 
or permanently flooded situations were noted to 
have M. quinquenervia on their margins and on any 
higher, drier ground within them. The largest of the 
wetlands on North Stradbroke Island is Eighteen 
Mile Swamp, which is particularly remarkable for 
its large extent and biodiversity (Everist, 1975). 


Eighteen Mile Swamp is a large (32.76 square 
kilometres), topographically and biologically complex 
body of water on the eastern side of North Stradbroke 
Island, situated between the main Pleistocene dune 
system of the island and the Holocene dunes (Figures 
1 and 2). The underlying rhyolite and tuff has been 
estimated to be 40-50m below the water surface 
(Laycock, 1978), and the top of the overlying sand 
to be 12—20m below the water surface (personal 
observation and P. Smith, Manager, Sibelco, pers. 
comm.). This body of water is maintained through 
its interface with the groundwater table, and has 
developed due to a combination of factors including: 
(1) sea level regression; (11) development of an offshore 
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FIG. 1. Location map of North Stradbroke Island showing Eighteen Mile Swamp. 
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FIG. 2. Diagrammatic cross-section of North Stradbroke Island showing position of Eighteen Mile Swamp and broad 
vegetation type in relation to elevation and water table levels (modified from FIG. 3.2, Clifford & Specht, 1979) 


LONG-TERM MONITORING OF A COASTAL SANDY FRESHWATER WETLAND: 


203 


EIGHTEEN MILE SWAMP, NORTH STRADBROKE ISLAND, QUEENSLAND 


sandbar; (ili) formation of transgressive dunes; and 
(iv) the hydrological effects of several surface water 
streams flowing eastward into it from the adjacent 
high dunes, and Freshwater Creek, a stream flowing 
southward along the length of the swamp and 
discharging into Moreton Bay through Swan Bay in 
the south (Flood, 1984; Flood & Grant, 1984; Kelley 
& Baker, 1984; Boyd, 1993). A dumpy-level survey 
made in 1988 from high tide mark on the ocean beach 
to the water level in the Swamp reflected the north to 
south gradient, the water level in the southern part of 
the Swamp being below high tide level. 


The Swamp supports a sedge peatland (sensu Southern 
et al., 1986), or by European definition a mire, 
synonymous with any peat-accumulating environment 
(Mitsch and Gosselink, 2000). The formation of the 
‘peat’ appears to involve the encroachment of strongly 
rhizomatous sedgeland plants from dry or semi-dry 
locations (e.g. the boundary of the Swamp or from the 
relics of sandblows which penetrate it from the south 
east). The litter and dead plants are trapped within the 
horizontal root mat of the encroaching vegetation and 
preserved in a largely undecomposed state due to the 
(relatively) anaerobic conditions, and the oligotrophic 
(total phosphorus 0.02 — 0.76 mgL”; total nitrogen 
0.56— 13.2 mgL") and acid environment (pH 4.4—5.2) 
of the water body (these measurements were made at 
a range of sites within the Swamp over several years). 
Two layers of this peat have been identified on the 
eastern side of the Swamp, the top being around 4m 
thick and a lower layer around 10m below this (-10m 
AHD) around 6m thick (Flood and Grant, 1984; Cox 
et al., 2011). These are presumably reflective of sea 
level position at the time of their formation. 


Waterlogging is the primary limiting variable for the 
biota occurring in the Swamp, upon which the extreme 
but less constant events such as fire and drought are 
superimposed. Waterlogging derives from several 
processes, depending on location within the Swamp. 
On the western boundary, the main contributing 
factor to the level of inundation is the emergence at 
the surface of the major underground aquifer of the 
Island at the edge of the steep high dunes, and the 
several surface streams that feed into the Swamp 
along that face (e.g. the outflow from Blue Lake). 
This combination results in a series of deep pools. A 
secondary source of water is rainfall directly into the 
Swamp. A third source is the superficial surface flow 
of water from north to south down Freshwater Creek. 
This is presumably confined largely to the channel of 


the creek, but, as mentioned above, the entire Swamp 
slopes from north to south (1.42 m km), so the surface 
water flow throughout will be in that direction. The 
north-south progression of this water is occasionally 
impeded by surface barriers, such as the low sand 
blows penetrating into the Swamp from the east. The 
bell-shape of the low fore-dunes probably provides an 
additional source of freshwater to the Swamp in the 
east, and the water below those dunes is undoubtedly 
affected by the level of the bulk of water in the main 
aquifer on the Island. 


The biogeography of the Swamp and its immediate 
environs is well illustrated in Lethem’s 1904 map of 
North Stradbroke Island (Brisbane Board of Waterworks, 
1904; Stubbs and Specht, 2011). In the section of the 
Swamp adjacent to Herring Lagoon (Figure 3) Lethem 
(Brisbane Board of Waterworks, 1904) notes the chain of 
ponds lining the western face of the Swamp, and draws 
a few, presumably those of most significant size. He 
notes the ‘palm and vine scrub’ hugging the bottom of 
the high dunes, of which several high-points are noted. 
He shows two surface streams flowing into the Swamp. 
This is particularly significant as he was preparing this 
map at a time of major drought, arguably the worst on 
record, at which time many streams, including several 
on the Island, were not flowing above-ground at least. 
Also shown in this small slice of the Swamp are the sand 
blows penetrating the Swamp from the south-east. One 
is shown as unvegetated; another is submerged in the 
Swamp, but presumably is notable due to the slightly 
different vegetation occurring on it (Figure 3). Elsewhere 
along the eastern and western margins of the Swamp, 
Lethem shows several small lagoons, some nestling 
within the upper curve of the sandblows. 


Differences of only centimetres in substrate elevation, 
and hence depth of inundation, affect the vegetation. 
The elevation of the Holocene dunes is only 10m 
above high tide level (Lethem in 1904 noted 40ft 
[12m] high dunes along the upper half of Main Beach, 
the dunes presumably becoming lesser in height with 
movement south), and the swamp itself is of very 
low elevation. As mentioned, the peat is essentially 
a floating surface, retaining water and slowing its 
percolation out of the system. This peat expands and 
contracts with hydration, and compacts when trodden 
on, making the measurement of surface elevation 
difficult. The fact that the peat rises and falls possibly 
provides some resilience for smaller plants, but when 
it dries, its surface collapses, exposing the roots of the 
sedges and woody shrubs. If this is prolonged (and 
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FIG. 3. Section of Lethem’s 1904 map (Brisbane Board of Waterworks, 1904) showing Herring Lagoon as indicated. 
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it is not clear in all circumstances how much time is 
required) the vegetation will change as invasion occurs 
in the gaps between the root mounds thus exposed. 


The type and abundance of plants and animals in 
Eighteen Mile Swamp, in common with all wetlands, 
is strongly governed by the extent of waterlogging. 
The effect of waterlogging is generally understood to 
arise from three components: (1) depth, (11) duration, 
and (iii) frequency of waterlogging events (Michener 
et al., 1997; Casanova and Brock, 2000; Keddy, 2000; 
Vreugdenhil et al., 2006). When a plant is inundated 
with water, depending on the oxygenation of the water, 


basic plant function is reduced, primarily through 
a restriction of root respiration. Plants tolerant of 
waterlogging possess various attributes that allow them 
to survive such conditions, but even they succumb if 
the waterlogging is greater than these attributes can 
permit. A characteristic zonation emerges around a 
pond or lake, with vegetation declining in stature and 
complexity with proximity to the water body (and 
hence increasing potential for inundation) until open 
water is established, when only floating algae remain. 


The dependent biota (vertebrates and invertebrates) 
respond to: (1) the vegetation changes across 


TABLE 1. Components of a monitoring study according to criteria proposed by Vos et al. (2000) as applied to the Eighteen 


Mile Swamp monitoring. 


Considerations (Vos et al. 2000) Eighteen Mile Swamp 


Scope of study 


Vegetation and associated biota within or immediately associated with Eighteen 


Mile Swamp, North Stradbroke Island. 


Monitoring objectives 


Functions of monitoring As a warning system for environmental change as a result of water extraction 
To develop environmental triggers for modification of pumping from wetlands 


To detect change in the natural biota as a result of extraction of water from (a) 


Herring Lagoon, and (b) groundwater generally. This latter source of change has 
emerged since this mode of extraction was introduced in the late 1990s. 


Objects and variables 


Hypotheses (for vegetation) 


Vegetation, vertebrates (frogs and birds), and invertebrates 


That excessive extraction of water will result in a reduction in waterlogging in the 


Swamp, whether locally or generally; 


That the occurrence and abundance of shrubs will increase and sedges decrease 
with a reduction of waterlogging (this hypothesis can be broken down species by 


species); 


That the number of strata in the vegetation will increase with a decrease in water 


logging; 


That the growth of woody species will increase as waterlogging decreases 


Value-indicators 


Presence, abundance, and size of woody vegetation 


Consistency of occurrence and abundance of characteristic species 


Proportion of activity levels in the Swamp 


Controlled variables 


Uncontrolled variables 


Water extraction (actual data on rates not supplied) 


Hydrological regime, fire, SOI cycles (El Nino, La Nina), recovery from sand 


mining, other human disturbance (e.g. erosion, nutrient addition, trampling). 


Factor and process indicators 


Sampling strategy 


Water level (combination of bore, surface, and localised piesometer tube data), 
climate data. 


On-ground belt transects, sample points 


Remote sensing: annual satellite image analysis; occasional air photographic 


interpretation. 


Data collection 





Since 1998 roughly triennial. Prior to that variable. Initially annually. 
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space, and (il) the amount of open water, with 
species shifting from terrestrial to aquatic forms 
as waterlogging increases. In a_ low-nutrient 
environment such as sandy Stradbroke Island, 
productivity is relatively low, resulting in a 
correspondingly low abundance and/or size of 
organisms, but potentially high species richness 
(Bensink and Burton, 1975; Arthington & Hegerl, 
1988; Specht & Specht, 2002). The more variable 
the inundation process across space and time, the 
more variable the assemblages become, extending 
the ‘edge’ of the wetland. 


The Island has been viewed as a potential source 
of water for mainland populations for more than a 
century (Stubbs & Specht, 2011). Its groundwater 
resource has been used by residents for many years 
(Cox et al., 2011). Water has been extracted from 
several locations in the Swamp since the 1950s for 
use in heavy mineral sand mining. In recent years 
extraction has been from Herring Lagoon (to the 
present day) and Palm Lagoon (between 1992 and 
1997), both of which were natural deep pools on the 
western swamp edge, but artificially enlarged and 
cleared to aid water extraction. In 1992 Redland 
Shire Council (now Redland City) began to export 
water from Herring Lagoon to the adjacent mainland 
for municipal purposes. In anticipation of this, 
biological monitoring of Eighteen Mile Swamp 
was commissioned by the Shire in 1988 to detect 
any adverse changes to the ecosystems occurring 
there, and to assist in the identification of thresholds 
and triggers beyond which extraction should cease 
(Dutton et al., 1993). When the managing water 
authority changed in 2007, monitoring ceased, 
although extraction by Redland City and the mining 
industry has continued. 


THE MONITORING STUDY 

A monitoring study, to be effective, needs to ensure 
there is a close linkage between management actions 
and the valued, observable, items or processes 
being monitored. This rests to a large extent on 
understanding of the system being monitored, 
itself informed by the monitoring: the better the 
understanding, the better the hypotheses, and the 
more satisfactorily the measured criteria can be linked 
to the management actions. At the start of this project 
little was known about the function of low-nutrient, 
sandy, coastal freshwater wetland systems, and this 
remains so to a large extent, especially with regard to 
their fauna, both vertebrate and invertebrate. 
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The monitoring program at Eighteen Mile Swamp can 
be described in terms of the criteria outlined by Vos et 
al. (2000) (Table 1). Some highly specific ecological 
relationships exist within the Swamp. The following 
are just a few examples of the importance of vegetation, 
and hence hydrological regime, to individual survival: 
(1) the dependence of the ground parrot on Restio 
tetraphyllus, a swamp sedge; (11) the habitat of the acid- 
loving frogs dependent on reeds rather than on shrubs or 
trees; and (ii1) the reliance by the swamp orchid (Phaius 
australis) on a boundary between two communities— 
littoral rainforest and MM quinquenervia open forest. 
Focussing on individual species as indicators of 
potential change is risky, however, as there are many 
cases where natural fluctuations in populations have 
confounded predictions. Whole-ecosystem approaches 
are advisable, supplemented by attention to particular 
vulnerable or threatened species. In this paper, only 
the vegetation monitoring is discussed, and the focus 
is a component of that monitoring, namely the species 
presence and change over time, and vegetation height, 
and their relationship to hydrology. 


The plan for the monitoring project was developed 
in 1988, based on the Before-After Control-Impact 
(BACI) approach (e.g. Underwood, 1991), with plots 
(belt transects), time (repeated measures) and space 
(to capture the relevant natural variation) over two 
levels of sampling—reference and affected sites (to 
use recent restoration ecology terminology). The 
affected sites were those established close to the 
water extraction site, while reference sites were those 
expected to be unaffected by the actions associated 
with water withdrawal. 


The objectives of monitoring have changed somewhat 
over the years of the monitoring study. In the earliest 
years the only water extraction from the Swamp (and 
the sole concern of the monitoring at that time) was 
from Herring Lagoon. It was discovered in 1992 that 
water extraction was also occurring at Palm Lagoon. 
This pumping has since ceased, but in addition, 
extraction now occurs from the basal aquifer via a 
system of bores west of the main ridgeline of the Island. 
This has resulted in a change in several assumptions 
in the monitoring program: (i) water extraction is 
no longer just from a single point-source, and (il) 
the reference transects are no longer unaffected by 
water extraction, as the high dune extraction affects 
the vegetation more broadly, particularly that at the 
Swamp margins where small changes in water level 
make big differences to vegetation. 
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The magnitude of a change in waterlogging that would 
initiate change in the vegetation, and the response-time 
of the chosen indicators to changes in hydrology, were 
largely unknown when the monitoring program was 
designed in 1988. Although understanding of these 
processes has improved, they remain unclear in most 
cases. The establishment of reference sites, all of which 
are exposed to natural changes in several environmental 
factors, but not to the extraction of water, has been 
vital. In recent years, however, since water extraction 
from the major aquifer on the Island began, all of the 
reference transects have potentially been modified. 


The detection of change can be optimised, however, 
by the careful selection of the parameters to be 
measured. The effectiveness of the measurements, 
in balance with the cost of obtaining them, is 
paramount in a monitoring program, if it is to 
persist far into the future. The parameters chosen 
for measurement must be directly linked to the 
potential change being monitored, and sensitive 
enough to respond to a change early enough for a 
management response to be effective. The selection 
of indicators in this project was guided by the initial 
hypotheses. In all cases the lack of information on 
all three aspects of the waterlogging regime—depth, 
frequency and duration—was a great impediment to 
the interpretation of results. This has necessitated 
concurrent monitoring of the hydrological regime 
and heightened attention to the behaviour of the 
reference sites in response to changes in it. 


The detection of change in the various attributes 
measured over time can challenge statisticians 
(McDonald et al., 2000). One useful attribute that 
emerges is the abundance of each species present at 
each transect. This varies naturally with environmental 
disturbance, time, and the nature of the species. Large 
woody species might be expected to vary less than 
smaller species with less ‘infrastructure’. Many of the 
species that occur in a swamp such as the one under 
study have much of their biomass under the ground 
or near the surface; the visible above-ground part is 
often, therefore, only a small proportion of the whole 
plant. Several of the sedges, for example those with 
underground runners, appear to move, but this apparent 
movement is just above-ground opportunistic growth 
from a stable underground network. 


The fundamental premise of the monitoring study was 
that the status quo of the ecosystem in the Swamp 
should not change. The vegetation, being the food and 
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FIG. 4. Location of monitoring transects on Eighteen 
Mile Swamp. 


habitat for much of the ecosystem, and being intimately 
associated in presence, abundance and growth with 
hydrologic regime, was used as the primary indicator of 
the state of the ecosystem. Rare species were peripheral 
to the main target, the detection of vegetation change 
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TABLE 2. Dates of measurement of ground transects in Eighteen Mile Swamp, North Stradbroke Island. * this measurement 


period concluded in February 06. 
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FIG. 5. (a) annual rainfall figures for North Stradbroke Island 
from 1948 to 2006. 
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(b) groundwater level from 1972 to 2006 at the bores and 
water level measuring stations surrounding the Swamp. 


due to water extraction. To improve sensitivity of 
detection, not only the structure and floristics of the 
vegetation has been assessed, but also components of 
its growth such as height and stem diameter. 


The use of remote sensing techniques, mainly 
satellite image analysis, was intended to assist with 
early identification of change. The advantage of this 
method has also been the ability to spatially link the 
information provided by the on-ground transects. 
Data collected on animal groups focussed on species 
presence and abundance, which respond relatively 
quickly to environmental change, which is useful 
in monitoring if the triggers are known. Adequate 
base-line studies and good reference data assist in 
the identification of thresholds and triggers for all 
organisms in natural systems. 


METHODS 
The locations of the monitoring sites were chosen 
to maximise the chances of identifying any changes. 
Ground data were collected by a consistent team 
(always including the first author and usually—with 
two exceptions—the second) from several 100 x 2m 
belt transects placed perpendicular to the boundary of 
the swamp (Figure 4). At these margins the vegetation 
was considered likely to be most sensitive to change in 
water depth. Prior to extraction, five western and five 
eastern transects (T1-5W; T1-5E) were positioned to 
gauge the natural variation in the Swamp (‘reference’ 
transects), and after the start of extraction, three 
‘affected’ transects were added around the extraction 


LONG-TERM MONITORING OF A COASTAL SANDY FRESHWATER WETLAND: 
EIGHTEEN MILE SWAMP, NORTH STRADBROKE ISLAND, QUEENSLAND 


209 


TABLE 3. Details of water level measurement points and their proximity to transects in Eighteen Mile Swamp. 


Transect 2 West | 14400083* Transect 3 East | 14400028 
Transect 3 West | 14400082 Transect 4. West | 14400081 


Herring Lagoon 14400069 bore Palm Lagoon water level 
— 


Herring Lagoon | CRL (14400061) 





* Queensland Department of Environment and Resource —}____. record number 
# Consolidated Rutile Limited, now Sibelco. 


site at Herring Lagoon. The reference transects 
have been monitored systematically since 1990, and 
affected transects since 1994, with some interruptions 
due to fire or tree fall across access tracks (Table 
2). The unannounced beginning of water extraction 
from Palm Lagoon, | km south of Transect 1 West, 
in 1992, resulted in this transect being re-classified 
as an ‘affected’ transect some years into the program. 
Measurements at Transects 1 and 5 East were not 
resumed in 2002, due to vandalism (Transect 1 East) 
and inaccessibility (Transect 5 East), leaving eleven 
transects in all: seven ‘reference’ and four ‘affected’. 


The following information was gathered along 

each transect: 

1. | species presence in consecutive one square metre 
quadrats; 

2. the maximum height of the woody overstorey, if 
present, and the average height of the understorey 
in consecutive two square metre quadrats; and 

3. the number and species of stems of woody plants 
with a height greater than one metre within 1m of the 
transect, in consecutive two square metre quadrats. 


In the first few years a reference herbarium was 
compiled, and duplicates of all specimens were sent 
to the Queensland Herbarium for verification of 
identity. Although the Herbarium retained all of these 
specimens, they do not appear on the HERBRECS 
database. A full species list has, however, been 
retained by the authors. 


The data from the field recording sheets were filed, 
and the information entered into Excel spreadsheets 
and graphically examined. The zonation of vegetation 
between and within each transect was analysed using 
the agglomerative cluster analysis package in PATN 


(Belbin, 1990: www.patn.com.au). To analyse changes 
in species Occurrence across time, the most common 
species occurring throughout each of the transects were 
selected, and the number of square metre cells in which 
they occurred of the hundred sampled were plotted. 


HYDROLOGICAL AND METEOROLOGICAL DATA 
Hydrological data were obtained from the Queensland 
Department of Natural Resources, Mines and Water 
(DNRM&W, later DERM) for bores adjacent to the 
Swamp. Data were available for a varying range of 
years for bores adjacent to transects 2 and 4 West 
and Transect 3 East, as well as at various bores 
and stations around Herring Lagoon (Figure | and 
Table 3). The bore associated with Transect 3 West 
is about 1 km north of the transect itself. Data were 
also obtained from Consolidated Rutile Limited 
(CRL: now Sibelco) for water levels at and near Palm 
Lagoon. The hydrological data have been collected 
for varying lengths of time, the longest being from 
the bore at Transect 3 East (since 1964). These were 
supplemented by piesometer tubes placed close to 
several of the transects and measured at each visit. 
These data provided valuable interpretive information, 
but are not presented in this paper. 


Monthly rainfall data were obtained from the Bureau 
of Meteorology for the Point Lookout meteorological 
station. Pan evaporation data were obtained from 
Brisbane Airport for the study period. Annual rainfall 
figures for both the calendar year and from June to 
May each year were calculated to allow comparison 
with satellite images and on-ground measurements. 


REMOTE ANALYSIS 
Satellite image analysis was conducted from 1983 
to 2006, but due to space limitations, the results are 
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6. ridge communities 
6a forested 
6b low woody vegetation. 
6c sand dune-low woody vegetation 
7. open water +/- scattered reeds and 
floating vegetation 
8. unvegetated or sparsely vegetated sand 


? unidentified 


4. Livistona australis communities (incl. riparian strips) 


5. low open sandy flat 


FIG. 6. Vegetation map drawn from 1:8,000 aerial photographs taken in 1998. 


not presented in this paper. An initial vegetation map 
was drawn in 1988 from photographs taken during a 
helicopter survey to assist in transect location. Aerial 
photographs at a scale of 1:8000 were taken of the 
Swamp in 1998 by AirResearch Pty Ltd and these 
were used to create a refined vegetation map. 


RESULTS 
Environmental conditions in the area changed 
considerably, as might be expected, over the duration 
of the study. One of the worst droughts in Australia’s 
history was experienced, as is clear from the rainfall data 
(Figure 5a) and, despite buffering in the swamp itself, 
declining groundwater levels in the most terrestrial, 


westerly, bore (Herring bore 2: Figure 5b). This decline 
was less marked at the sole eastern bore, but due to space 
restrictions, these data are not shown here. Several of the 
piesometer tubes (sunk to a depth of around 1.5m) dried 
out. In Transects 1 and 5 West, the ground water level 
rose after 2002, and in both these sites the water has 
risen to levels last recorded in February 1990. A major 
fire occurred south of the Causeway in December 1992, 
and north of the Causeway in mid-1995. The area in the 
immediate vicinity of Herring Lagoon experienced an 
additional fire in 1995. 


The zonation of the Swamp vegetation determined 
from the 1998 aerial photographic survey reflected 
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FIG. 7. Dendrogram of presence and absence species composition of swamp vegetation for each transect in 2005 using PATN 


with 8 = -0.1. 


the observations of Lethem (Brisbane Board of 
Waterworks, 1904) and Elsol & Dowling (1976), 
with a mixture of sedgeland with and without M. 
quinquenervia emergents as the dominant vegetation 
type, along with fringing elements of coastal rainforest 
and frontal dune vegetation (Figure 6). At this scale 
there are three biophysical zones: the two lateral edges 
and the middle. There are distinct differences between 
the eastern and western margins of the Swamp: the 
eastern margin reflects the effect of the current and 
past sandblows; the western side shows the strong 
effect of the seepage from the high dunes; the middle 
is largely the province of sedges. Freshwater Creek 
hugs the western side for most of its course. Only at 
the Causeway and towards Swan Bay does it wander 
into the middle of the Swamp. 


For the combined years of 2002 and 2005/6, 121 
species were identified across all transects (Appendix 
A). This is not a comprehensive list of the species that 
occur in the Swamp, but it is a major improvement 
over the state of knowledge in 1988. The species 
(number, not abundance) are separated into: reeds, 
sedges and grasses (38%); trees or shrubs (28%; 
clearly influenced by the slightly elevated margins 
of the Swamp with Melicope elleryana, Acronychia 


imperforata, Elaeocarpus reticulatus, Todea barbara 
among others only occurring there); creepers and 
vines (11%); herbs (14%); and ferns or mosses (8%). 
Overall, the area around Herring Lagoon is species- 
poor, with an average of 9.5 + 2 species per transect as 
opposed to 24.3 + 1.5 for the western and 23.3 + 2 for 
the eastern transects. 


The species presence/absence data allowed a 
PATN analysis to be conducted, and this further 
elucidated the nature of conditions in the Swamp 
and the separation of the reference sites from the 
affected sites (Figure 7). The eastern and western 
transects are clearly distinguishable by their 
species occurrence, in turn reflecting their physical 
conditions. The eastern transects (T2-4 East) are 
most distinctive in their species composition, and 
were distinguished by coastal dune species. The 
Herring Lagoon sites were the next to separate, 
mainly due to a lack of indicative species, 
consistent with the low species richness at these 
sites. The south-western transects separated from 
the north-western due to the exclusive presence of 
Leptospermum liversidgei, Utricularia caerulea 
and Drosera binata in the north and some littoral 
rainforest species in the south. 
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FIG. 8. Species occurrence per Im? cell along the 100m? 
transects between January 1990 and 2005/6 for (a) Transect 
1 West (‘affected’ site), (b) Transect 2 West (‘reference site’), 
and (c) Herring Lagoon transects (‘affected’ site). Codes 
used are: gahsieb: Gahnia sieberana, baurubig: Baumea 
rubiginosa; claproc: Cladium procerum; bleindi: Blechnum 
indicum, lepjuni: Leptospermum Juniperinum;  parstra: 
Parsonsia_ straminea, lygsp: Lygodium microphyllum; 
melquin: Melaleuca quinquenervia, impcyli: Imperata 
cylindrica; gledica: Gleichenia dicarpa. 
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To examine change in species occurrence over 
time, only the following categories of species 
could be used: (i) those that occurred consistently 
at a transect, (11) those that occurred in sufficient 
numbers to get replicate occurrences within it, and 
(iii) those that were clearly identifiable throughout 
(e.g. vegetative forms of some sedges could not 
be reliably identified). Of an average of around 24 
species per transect, a maximum of 9 (per transect) 
satisfied these requirements. In the eastern transects, 
the several grass species were grouped into one class 
for comparison between times and transects. With 
the exception of Transect 1 West, all the reference 
transects exhibited considerable stability through the 
environmental changes that affected them. 


As an example of the species abundance plots, data 
from three transects are presented: two reference 
sites (Transects | and 2 West) and one affected site 
(the three Herring Lagoon transects amalgamated). 
The situation at Transect 2 West is in common with 
all the reference sites except Transect 1 West, which 
was removed from the reference site category. 
There was a marked change in the presence and 
abundance of species over the study period at 
Transect 1 West (Figure 8a), especially compared 
to the situation at Transect 2 West (Figure 8b). Both 
transects began with Blechnum indicum and Baumea 
rubiginosa as their two most common species, and 
these two species remained the most common at 
Transect 2 West throughout the monitoring period, 
but did not remain so at Transect 1 West. In both 
transects there was a large decline in abundance 
of Leptospermum juniperinum, and at Transect 1 
West in Cladium procerum, between February and 
December 1990. /mperata cylindrica is important at 
both transects, increasing after the fire in December 
1992. At Transect 1 West, M. quinquenervia 
and L. juniperinum also increased after the fire. 
At this transect, 1. cylindrica and B. rubiginosa 
begin to decline dramatically in 1994; by 1998 B. 
rubiginosa has disappeared and J. cylindrica almost 
so, Parsonsia straminea starting to appear. B. 
indicum persists in reasonable numbers throughout 
the monitoring period. L. juniperinum also declined 
from 1994, disappearing by 2002. B. rubiginosa 
recovered somewhat between 1998 and 2005, but 
I. cylindrica did not. M. quinquenervia shows a 
slight decline from a peak in 1994. At Transect 
2 West, there was a slow but steady decline in L. 
juniperinum abundance after the initial post-fire 
recruitment in 1994 until 2002. 
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FIG. 10. Water levels in Palm Lagoon between 1988 and 2005/6 plotted for comparison with those of the bore adjacent to 
Transect 3 East, the most varying of all the water measuring points. 


At Herring Lagoon, six abundant species were 
identified, no others coming close to satisfying 
the requirements for comparison across time. 
The occurrences of these were averaged across 
the three transects, and all occurrences of grasses 
were amalgamated (Figure 8c). Two species were 
most common, Blechnum indicum and Baumea 
rubiginosa. Grasses (including J. cylindrica) were 
very abundant in the early years of monitoring, 
but have almost disappeared. L. juniperinum has 
similarly reduced, greatly simplifying the transect 
as no other species have arrived. The low species 
richness at the Herring Lagoon sites is probably 
due to its disturbance history, supported by the 
abundance of grasses and Leptospermum, both 
disturbance-followers, in the early years. 


The height of the woody components of the 
vegetation was a simple measure, and gives useful 
data. Transect 1 West stands out clearly among the 
western transects. The overstorey height (mainly 
M. quinquenervia) increased rapidly between 1996 
and 1998, then slowly in subsequent years (Figure 
9). None of the western reference transects show 
any sustained change in vertical structure over 
the monitoring period. A tall band of fringing M. 
quinquenervia at Transect 4 West was lost in the 1992 


fire, and it remains to be seen whether the emergence 
of a woody overstorey at Transect 5 West and a slight 
increase in height at Transect 3 West are sustained. 


When maximum height has been reached, height 
ceases to be a useful indicator of growth, so at Transect 
1 West, measurements of stem diameter were taken 
to better assess changes in M. quinquenervia growth. 
These data confirm that growth of MZ quinquenervia 
has indeed stabilised, the trees having reached their 
maximum size in 2002. 


Foliage Projective Cover is another measure of vegetation 
vigour, greater than 70% leaf cover by the overstorey 
indicating that a community is ‘closed’, the total cover 
indicating the photosynthetic potential of the site. 
Measurements of foliage cover at the Swamp have been 
taken on several occasions since 1990. These records 
show that the total cover at Transect 1 West increased 
since 1990 from 75% to 100%, and there has been an 
increase in overstorey (tree) cover, with a corresponding 
decrease in understorey cover. The other tree-dominated 
transect was Transect 3 East, which was an open . 
quinquenervia woodland in 1990. The Herring Lagoon 
transects show a gradual increase in overstorey height, 
with the understorey correspondingly reducing. Although 
the pattern here is complicated by the fact that the first 
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FIG. 11. Images at the 50m peg looking East at Transect 1 West from 1994 to 2006 (a) 1994, (b) 1998, (c) 2002, (d) 2006. 
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10-20m of each of these transects was bare at the start 
of monitoring in 1994, it is not inconsistent with changes 
occurring at Transect 1 West. 


DISCUSSION 

Within the time-frame of the study, the composition 
of the vegetation in the Swamp is consistent with its 
waterlogged, oligotrophic environment, and appears 
generally resilient in the face of natural changes, 
such as fire and drought. The vegetation distribution 
strongly reflects the spatial variation in hydrological 
conditions. The time-frame of this study, about twenty 
years, is longer than that of many detailed monitoring 
programs, but remains insufficient for all the patterns 
to emerge. Particular changes have highlighted some 
key dependencies, including: 

e the floristically and_ structurally simplified 
vegetation at Herring Lagoon as a result of recent 
and longer-term (circa 50 years) disturbance at 
the site, but also because of increasing dominance 
and height of M. quinquenervia, 

e the altered vegetation north of Palm Lagoon 
(Transect 1 West) as a result of the water 
extraction which occurred in the 1990s, including 
loss of species, change in vegetation structure, 
and disintegration of the underlying peat. 


The low species richness at Herring Lagoon is 
largely the product of the lack of a ‘margin’, as two 
of the three transects were placed next to the lagoon 
itself. In common with the majority of the reference 
sites, the third abutted a ‘bank’ in which the rare 
ground orchid (Phaius australis) and other fringing 
species were abundant. There has been a long and 
consistent history of disturbance at Herring Lagoon, 
complicating the response to water extraction. The 
Lagoon and associated trench across the Swamp 
was created in the 1950s, with pylons running 
alongside the trench supporting a cableway from 
the beachfront mining. There was some physical 
disturbance to the site when the pumping station 
was installed, and this was followed by two fires 
in quick succession (1992 and 1995). The water 
level close to Herring Lagoon has been relatively 
constant over time, but at the deeper bore, further 
away from the Swamp (bore 2 Herring: Figure 5b) 
the decline is consistent with the long drought. As 
the woody and swamp vegetation recovered after the 
pumping station establishment, the grasses, which 
were early colonisers, declined (Figure 8c), and the 
deeper-rooted M. quinquenervia out-competed the 
shallower-rooted L. juniperinum. 
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The dramatic change in the vegetation at Transect 1 
West, [km north of Palm Lagoon, is more complex, 
and provides food for thought. The rapid development 
of M. quinquenervia between 1994 and 1998 (Figure 
9) was accompanied by a rapid decline in understorey 
species (Figure 8a). This was associated with abnormal 
hydrological conditions between 1992 and 1998 
(Figure 10). During this time the water level varied by 
up to 31% around the average as a result of a series 
of extraction events. This provided an apparently ideal 
situation for M. quinquenervia growth with consequent 
shading of the understorey. The extraction ceased in 
1998, and the water levels have since stabilised, with 
water again appearing in the piesometer tubes. The 
legacy of the event has remained as complete alteration 
in the structure of the vegetation and the appearance of 
new species (Figures 8, 9 and 11). 


These changes have been accompanied by a profound 
change in the chemistry of the substrate. The re- 
wetting of the peat has resulted in its disintegration, 
releasing many of the nutrients accumulated over 
many centuries. The total nitrogen in the decomposed 
peat water in February 2006 was 6.66 + 0.94 mgL'! 
at Transect 1 West whereas it was 0.56 + 0.01 mgL"! 
in the pond water at Transect 2 West, and 0.35 + 0.06 
mgL"' at Transect 3 West. The Biological Oxygen 
demand was 30.42 (mg L" O,) at Transect 1 West 
while it ranged from 0.06 to 0.2 mg L" O, at the other 
sites. These measurements have since been repeated 
and the relative values remain consistent (Parkyn, 
2009; Parkyn & Specht, 2011). 


The execution of this study has demonstrated many 
of the essential elements of a successful long-term 
monitoring program as well as some difficulties and 
challenges (Lindenmayer & Likens, 2010a; Vos et 
al., 2000). The most important requirement, after all 
the practical and logistical matters are resolved, is a 
fundamental understanding and hence conceptual 
model of the biota being monitored, and its relationship 
to its environment. What are its critical dependencies? 
What is the historical range of natural variation to 
which it is attuned? What are the life cycles of the 
component individuals? Such detail is not known for 
most Australian ecosystems; although it may be for 
some species, or for some populations. Certainly for 
wetland communities in the subtropics and tropics, 
insufficient is known about ecological relationships, all 
of which affect monitoring effectiveness (Finlayson & 
Mitchell, 1999; Finlayson, 2005; Parolin & Wittmann, 
2010). In these circumstances, adaptive monitoring 
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(Lindenmayer & Likens, 2010b) can be appropriate. 
This requires a sustained approach by all parties, 
regularly reviewing the progress of the monitoring in 
the light of a strong fundamental model, and adjusting 
measurements accordingly. This approach, however, 
should be critically compared with other approaches 
as there are limitations, not least the opportunity 
cost of establishing and maintaining such a system 
(Gregory et al., 2006). 


The monitoring program discussed in this paper, 
although challenged by modest funding and lack of 
sustained support, has produced many insights into 
the function of the Eighteen Mile Swamp wetland 
ecosystem being monitored. Such insight is one reason 
why monitoring programs should be flexible and 
responsive to change as techniques and knowledge 
derived from the project itself, or from other studies, 
improve. The behaviour of the vegetation at Transect 
1 West and Herring Lagoon, in contrast to that at the 
reference sites (Figures 8 and 9), yields clues about the 
factors controlling the vegetation in the area. At both 
sites there has been water extraction but the modes 
of extraction have been different. The water level 
data from the bores and water surface measurements 
assisted greatly in the diagnosis of these results 
(Figures 5 & 10). 


The data reported in this paper are largely derived 
from points on the ground. It is important to link these 
to provide a statement about the entire area. The one- 
off aerial photography was undertaken at a useful 
scale to link between transects, but was too expensive 
to be repeated. The satellite image analysis (Specht 
et al., 2011) was initially too coarse (30m pixel size) 
to provide the detailed analysis which would have 
determined the area over which the changes around 
Transect 1 West extended. More modern remote 
sensing would allow this, but could not be undertaken 
retrospectively. In addition, it would have been 
desirable to include observations at another location 
remote from any effect of extraction. The change 
during the program in the manner of water extraction 
from the Island has reduced the value of the reference 
sites: all are potentially affected. 


Associated measurement of physical attributes of 
the environment is vital to the interpretation of the 
biological monitoring results. During the study this 
has included climate, hydrological and chemical 
data. Good hydrological modelling at the margin of 
this major aquifer of the Island would have greatly 


assisted the speed with which conclusions could be 
drawn about cause and effect, and the development of 
principles that could be applied elsewhere. 


Insights into the function and response of the vegetation 
to hydrological conditions provided by this monitoring 
program are unique, partly as a result of an unforseen 
short-term hydrological change at Palm Lagoon that 
caused an ecosystem response outweighing the effects 
of the southern oscillation index and its associated 
drought-wetting cycle and fire. 
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APPENDIX A. Combined species list for 2002 and 2006 (* indicates an introduced species). 


NON SEED PLANTS 
FERNS 
Blechnaceae 


Dennstaedtiaceae 


Gleicheniaceae 


Osmundaceae 


Schizaeaceae 


MOSSES 


Sphagnaceae 


SEED PLANTS-— Magnoliidae 
HERBS 


Apiaceae 


Asteraceae 


Droseraceae 


Fabaceae 
Lentibulariaceae 
Lobeliaceae 
Phytolaccaceae 


Rubiaceae 


Violaceae 


Blechnum indicum 
Histiopteris incisa 
Hypolepis glandulifera 
Pteridium esculentum 
Dicranopteris linearis 
Gleichenia dicarpa 
Todea barbara 
Lygodium microphyllum 


Schizaea fistulosa 


Sphagnum sp. 


Centella asiatica 
Hydrocotyle tripartarta 
Hydrocotyle verticillata 
Ageratina adenophora* 
Ageratina riparia* 
Aristida sp. 

Baccharis halimifolia* 
Epaltes australis 
Tagetes minuta* 
Drosera binata 
Drosera spathulata 
Desmodium nemorosum 
Utricularia caerulea 
Pratia purpurescens 
Phytolacca octandra* 
Pomax sp. 

Rubus parviflorus 


Viola hederacea 
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SHRUBS AND TREES 


Casuarinaceae 


Elaeocarpaceae 


Ericaceae - Styphelioideae 


Euphorbiaceae 


Malvaceae 
Melastomataceae 


Mimosaceae 


Myrtaceae 


Proteaceae 


Rhamnaceae 


Rutaceae 


Sapindaceae 


Ulmaceae 


Allocasuarina littoralis 
Casuarina equisetifolia 
Casuarina glauca 
Elaeocarpus reticulatus 
Leucopogon sp. 

Monotoca scoparia 
Sprengelia sprengelioides 
Glochidion ferdinandii 
Homolanthus populifolius 
Macaranga tanarius 
Hibiscus tiliaceus 
Melastoma malabathricum (syn. affine) 
Acacia concurrens 

Acacia longifolia subsp. sophorae 
Acacia sp. 

Austromyrtus dulcis 
Baeckea densifolia 
Leptospermum juniperinum 
Leptospermum laevigatum 
Leptospermum liversidgei 
Lophostemon confertus 
Melaleuca quinquenervia 
Banksia integrifolia 
Banksia serrata 
Conospermum taxifolium 
Persoonia cornifolia 
Persoonia tenuifolia 
Persoonia virgata 
Alphitonia excelsa 
Acronychia imperforata 
Melicope elleryana 

Zieria laxiflora 
Cupaniopsis anacardioides 


Trema tomentosa vat. aspera 


222 PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 


CREEPERS AND VINES 


Apocynaceae 


Bignoniaceae 
Dilleniaceae 


Fabaceae 


Lauraceae 


Menispermaceae 
Smilacaceae 
Verbenaceae 
Vitaceae 
SEED PLANTS-Liliidae 
GRASSES AND LILIES 


Hemerocallidaceae 


Lomandraceae 


Oxalidaceae 


Poaceae 


Philydraceae 


Marsdenia fraseri 
Parsonsia straminea 
Jasminium jasminoides 
Hibbertia scandens 
Canavalia rosea (syn. maritima) 
Vigna luteola 

Vigna marina 
Cassytha sp. 

Stephania discolor 
Stephania japonica 
Smilax australe 
Lantana camara* 


Cayratia clematidea 


Dianella caerulea 
Dianella sp. 
Lomandra longifolia 
Lomanadra multiflora 
Lomandra sp. 

Oxalis sp. 
Andropogon virginicus 
Chloris guyana* 
Digitaria sp. 
Entolasia sp. 
Eragrostis sp. 
Eriachne pubescens 
Imperata cylindrica 
Leersia hexandra 
Melinis minutiflora* 
Oplismenus undulatus 
Panicum sp. 
Pennisetum clandestinum* 
Phragmites australis 
Sporobolus virginicus 
Themeda triandra 
Zoysia macrantha 


Philydrum lanuginosum 
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REEDS AND SEDGES 


Cyperaceae 


Juncaginaceae 


Restionaceae 


Xyridaceae 


Abildgaardia vaginata 
Baumea articulata 
Baumea juncea 
Baumea rubiginosa 
Carex pumila 
Cladium procerum 
Cyperus eglobosus 
Cyperus pilosus 
Cyperus polystachyos 
Cyperus rotundata 
Cyperus sp. 
Eleocharis sphacelata 
Fimbristylis nutans 
Gahnia sieberana 
Isolepis nodosa 
Lepironia articulata 
Leptocarpus tenax 
Schoenus brevifolia 
Schoenus paludosis? 
Triglochin procera 
Baloskion pallens 
Empodisma minus 


Xyris complanata 
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THE EFFECT OF WATER EXTRACTION REGIME ON THE CHEMISTRY AND 
MACROINVERTEBRATES OF A SUBTROPICAL COASTAL FRESHWATER 


WETLAND 


PARKYN, J. & SPECHT, A. 


In this paper it is demonstrated, through an instance of a localized short-term oscillating mode of 
water extraction from a large coastal oligotrophic hind-dune peat swamp, Eighteen Mile Swamp, North 
Stradbroke Island, that the mode of water extraction is as important as the amount of water extracted. A 
six-year duration, high-frequency drought-wetting cycle imposed by a point-source extraction regime 
has had apparently irreversible effects on the adjacent peat and macroinvertebrates. The legacy of this 
short-term alteration in hydrological conditions has been the disintegration of the peat with consequent 
release of large amounts of otherwise captured nutrients and a significant increase in biological oxygen 
demand. This is associated with significant reductions in macroinvertebrate abundance and richness, 
with a reduction in soft-bodied taxa as Coleoptera becoming dominant. Although full suites of biota 
were present in nearby unaffected locations, the substrate is sufficiently altered that there can be 
no short-term prospect of rehabilitation of the area affected by this water extraction. This chain of 
events illustrates a catastrophic regime shift or ‘ecological surprise’. Defining the point of no return (a 
threshold) would have to be demonstrated experimentally. 


Jonathan Parkyn (jonathan.parkyn@scu.edu.au), School of Environmental Science and Management, 
Southern Cross University, Lismore, NSW 2480, Australia. Alison Specht, Australian Centre for 
Ecological Analysis and Synthesis, TERN, The University of Queensland, St. Lucia, OLD 4067, Australia. 
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INTRODUCTION 

Coastal dunes often contain wetlands that provide 
significant spatial and temporal habitat variation 
(Timms, 1986; Specht, 1993). The morphology of the 
east coast sand dune complex in Australia is a product 
of two major geological evolutionary processes: the 
deposition of the Pleistocene and Holocene barrier 
systems: the formation of the Pleistocene barrier 
occurred around 100,000 years BP, and the Holocene 
barrier between 17,000 and 6,500 years BP. This 
process of accretion has since ceased (about 2,000 
years BP) and the area is now experiencing shoreline 
recession (Chapman, 1982). The Holocene foredunes, 
when intergraded with the older, leached Pleistocene 
dunes provide a reservoir in which rainwater may be 
trapped and stored. 


Australian dune wetlands are geomorphologically 
diverse but the basic limnology, whilst variable, is 
relatively well understood (Arthington & Hegerl, 
1988). The coastal dune wetlands of subtropical 
and temperate Australia comprise the world’s most 
naturally acidic freshwaters (Outridge et al., 1989). 
They are most numerous on the north coast of New 
South Wales (NSW) between Myall Lakes and 
south-east Queensland (Qld) (Timms, 1982). Due 
to the close proximity and/or interconnectedness of 


various freshwater types (e.g. lakes, swamps, ponds) 
contained within these dunes, their physicochemical 
properties are similar: namely humic, acidic 
(pH <5.5), of low conductivity, dominated by sodium 
and chlorine ions (Bayly, 1964). 


A distinctive feature of healthy east coast dune 
wetlands in Australia is the low diversity and 
abundance of invertebrate and plant species (Bensink 
& Burton, 1975; Timms, 1982; Arthington & Hegerl, 
1988: Nolte & Haase, 2002). Whilst the vegetation 
and the macroinvertebrates of the littoral vegetation, 
water column and benthos have received much 
consideration (Bensink & Burton, 1975; Neboiss, 
1978; Timms & Watts, 1981; Arthington & Watson, 
1982: Timms, 1982; Arthington et al., 1986; Specht, 
2006; Specht & Walker, 2006; Cox & Specht, 2009; 
Specht & Stubbs, 2011), the invertebrate fauna of 
the peat has not been investigated. Collections of 
aquatic insects from Australian east coast freshwater 
systems include members of the Coleoptera, Diptera, 
Ephemeroptera, Haplotaxida, Hemiptera, Megaloptera, 
Odonata and Trichoptera. The macrobenthos is 
depauperate, and consists predominantly of Diptera 
(Culicidae and Chironomidae) and Haplotaxida 
(Oligochaeta). Littoral vegetation, however, includes 
more widespread taxa than either the water column 
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FIG. 1. Location map of North Stradbroke Island showing Eighteen Mile Swamp. 


or the benthos, particularly from the Insecta (Bensink 
& Burton, 1975). Aquatic macroinvertebrates are 
frequently used as indicators in ecosystem health 
assessments for a variety of stream types in South East 
Queensland (Anon., 2009; Moss et al., 2001). 


The invertebrate faunal assemblage is primarily 
influenced by wetland typology, and while biotic 
influences such as fish predation will have an effect 
on communities, the distribution and abundance 
of invertebrate species may be influenced by a 
variety of abiotic parameters including water 
temperature, dissolved oxygen concentrations 
and pH (Bensink & Burton, 1975; Timms, 1986; 
Williams, 1995). The influence of hydrological 
regime on the structure, function and biota of 
coastal wetlands has been studied worldwide (Lee 
et al., 2006; White & Greer, 2006; Gordon et al., 
2008), although the details of effects of changes in 
hydrological regime are generally only understood 
in a limited fashion. 


Invertebrate communities are particularly affected by 
nutrient enrichment, and in the coastal dune environment 
this is a critical factor as dune waters are naturally 
extremely low in nutrients (Cox & Specht, 2009). In 
the freshwater dune lakes of east coast Australia, total 
phosphorous (TP) is typically <10 mg/L (Outridge et 
al., 1989). Several taxa, including Planariidae, Rotifera, 
Ostracoda, Amphipoda and Mollusca are rare or absent 
in acidic dune lakes for a variety of reasons (Timms, 
1986): rotifers may be excluded due to acidity (Bayley, 
1964; Timms, 1986), whereas molluscs are lacking due 
to the deficiency of Ca and HCO, ions (Timms, 1982). 


Eighteen Mile Swamp on North Stradbroke Island, its 
geomorphological origins, hydrology and its vegetation 
are described in Cox et al. (2011), and Specht & 
Stubbs (2011). It is a large (32.76 square kilometres), 
topographically and biologically complex body of 
water on the eastern side of the Island, situated between 
the main Pleistocene dune system of the island and 
the recent Holocene dunes (Figure 1). A preliminary 
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study of the macroinvertebrates in the Swamp 
(Nolte & Haase 2002) resulted in the identification 
of 124 macroinvertebrate species. Sampling was of 
macrobenthos communities of open water lagoons in 
addition to limited qualitative phyton sampling amongst 
the emergent sedge Lepironia articulata. Within the 
Swamp L. articulata only occurs at the margins of 
open waterbodies and in areas where the watertable 
is 99% of the time above the sediment surface. Thirty 
seven macrobenthos species were recorded at three 
sites, including 24 insect species, seven crustaceans, 
five segmented worms, and one round worm; results 
of mean macrobenthos biodiversity indicated medium 
diversity as expected in an undisturbed healthy wetland. 
The phyton samples returned 32 species of which all but 
nine were insects. Nolte & Haase (2006) considered it a 
high quality wetland evidenced by its low productivity 
and very low benthic invertebrate abundance. 


North Stradbroke Island has, for many years, been 
subject to groundwater extraction for mainland 
municipal purposes and to support heavy mineral sand 
mining operations. Various aspects of the hydrology of 
the swamp have been monitored since 1988 (Specht 
& Stubbs, 2011). In 2006 the physicochemical 
characteristics of the water at one location (Site 1, 
Figure 2) had become significantly different from those 
at some nearby reference sites (Sites 2 and 3: Figure 1 
and Table 1), the water chemistry of sites 2 and 3 was 
typically nutrient poor, while that at Site 1 showed 
significantly elevated nitrogen, phosphorus, biological 
oxygen demand (BOD) and turbidity. This was 
benchmarked at the time against data from a lagoon 
in undisturbed Melaleuca quinquenervia/Eucalyptus 
pilularis forest on Pleistocene sands at Main Camp, 
northern New South Wales, less than 300k south. 


It was suspected that these differences were the result of 
short-term and extreme variation in water level due to the 
pattern of water extraction from Palm Lagoon, adjacent 
to Site 1, between 1992 and 1998 (Specht, 2006). With 
the cessation of pumping, re-flooding restored the surface 
water levels, which have remained relatively stable since 
(Figure 3). In 2006, the peat at this site had decomposed, 
consistent with the elevated BOD and release of N and 
P, and there several changes in the vegetation were 
observed (Specht & Stubbs, 2011). 


The legacy of this recorded, relatively sudden 
change in conditions provided an opportunity to 
investigate any consequent relationships between peat 
invertebrate assemblages and the physicochemical 
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TABLE 1. Chemical data for water samples obtained at three sites in Eighteen Mile Swamp, North Stradbroke Island (Specht, 
2007) and, for comparison, a sample from a lagoon on pleistocene sand at Main Camp in northern New South Wales. Analysis 
performed according to American Public Health Association (1998). Means and standard error are shown. 


Total dissolved salts (mg/L) n/a 
Turbiiy 
Dissolved sulphide (mg/L) n/a 
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FIG. 3. Water levels in Palm Lagoon (adjacent to Site 1), Herring Lagoon (Site 3) and the bore at Site 2 between 1988 and 2005/6. 
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TABLE 2. Comparison of surface and sub-surface peat dry weight at the three sample sites in Eighteen Mile Swamp, North 
Stradbroke Island. The significance of the differences between the measures using Tukey’s ¢ is shown by the letters ‘a’ and ‘b’. 


Means and standard error are shown. 


a 6s CS 


Surface peat (g dw) 60.la+2.9 42b+42.7 41b+3 





Sub-surface peat (g dw) 38.9a+3 34.2ab + 3 25.7b + 3 


components of their environment. We hypothesized 
that locations with high BOD (and low dissolved 
oxygen) would be occupied by a macroinvertebrate 
community of lower species-richness and abundance 
than that in unaffected areas (e.g. Song et al., 2009). 
It is expected that individual genera will vary in their 
response (e.g. Connolly et al., 2004; Friberg et al., 
2010). An hypothesis concerning the effect of the 
elevated nitrogen and phosphorus values was less 
certain as the literature is conflicting (Friberg et al., 
2010). This study is one of few to specifically 
investigate | peat-dwelling macroinvertebrates, 
certainly in the Australian coastal context. 


METHODS 

Samples were collected from the three locations in 
Eighteen Mile Swamp shown in Figure 2, two reference 
sites (Sites 2 and 3) and one affected (Site 1). Sampling 
occurred at approximately 50m into the swamp from 
its edge at all locations. Samples were collected on 
two occasions, 8 April and 20 May 2008. The weather 
during this time was consistent with autumn conditions, 
with maximum and minimum temperature during that 
period of 25.3°C and 17.3°C, an average of 21.3°C and 
no rainfall events. At each site, five randomly selected 
20 x 20 cm (area) x 15 cm (depth) samples of surface 
peat were removed. Once the top sample was taken, a 
10cm diameter x 10cm (deep) sample of the sub-surface 
peat was removed from the centre of the already- 
excised quadrat. Samples were stored in a labelled 
and sealed plastic bag with 300 ml of 70% ethanol. 
In the laboratory the peat was thoroughly rinsed with 
tap water over a 500-um mesh to remove accumulated 
sediment and particulate organic matter. The remaining 
contents were emptied into a shallow, water-filled tray 
whereby the invertebrates were separated from the 
remaining plant material with forceps and preserved 
in 70% ethanol. Invertebrates were separated into 
morpho-species and identified to species level where 
desired and possible. 


The peat was first air-dried then oven-dried at 60°C 
for 48 hours and a dry weight obtained (+ 0.1 g). This 


allowed for invertebrate counts to be expressed as 
invertebrate numbers per g dry weight (dw) of peat. 
This quantitative method allowed some accounting 
for the density of the peat, and hence the niche space 
within the peat matrix. 


Nine water samples were obtained from the sub- 
surface at each site by digging small pits that were 
then allowed to fill with water. Three one litre sample 
bottles were submerged, filled and immediately stored 
on ice at each site. Chemical analysis was performed 
by Southern Cross University (SCU) Environmental 
Analysis Laboratory (EAL) according to APHA 
(American Public Health Association, 1998). 


DATA ANALYSIS 

The invertebrate data, dry peat weight (g dw) and 
hydrochemical data were analysed in the Statistical 
Package for the Social Sciences (SPSS) version 14.0. 
The data were analysed statistically using univariate 
analysis of variance (ANOVA) followed by Tukey’s 
post-hoc tests. The non-quantitative (number of 
species per location) and quantitative species richness 
(richness gdw') and non-quantitative (number of 
organisms per location) and quantitative abundance 
(abundance gdw') were compared between sites 
using the same procedure. Agglomerative hierarchical 
cluster analysis (PATN v3) was used to group the 
sites according to the occurrence of invertebrate 
morphospecies using the unweighted-pair groups 
method (UPGMA). The Kulczynski coefficient of 
association was used to calculate the similarity/ 
dissimilarity of sites for the quantitative data only. 
This analysis was used to identify any morphospecies 
distinctive to the sites. As there were only three sites 
(albeit with replicates) the data were considered too 
slight for ordination to be suitable. 


RESULTS 
The weight of the standard volume of the surface peat 
was significantly different between sites (F = 12.651, 
p=0.000). Surface peat dry weight was higher at Site 
1 than at the other two sites. 
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TABLE 3. Comparison of water samples at T2West (Site 2), Herring Lagoon (Site 3), and Palm Lagoon (Site 1) in Eighteen 
Mile Swamp, North Stradbroke Island, in May 2008 compared with other figures from lowland waterbodies of east coast 
dunes in Australia. 


Parameter 18MS sites (mean + | se) Status characteristic of lowland 
waterbodies of east coast dunes 


Total dissolved salts (mg/L) 1454 11 
Total phosphorous (mg/L) 0.82 +0.11 


“ Bayly 1964, ® Outridge et al., 1989 





TABLE 4. The F and p-values from the ANOVA for the water samples at T2West, Herring Lagoon, and Palm Lagoon in 
Eighteen Mile Swamp, North Stradbroke Island, in May 2008. Significant difference of site at p<0.05. 


a 6 6 FS 
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The water collected from the peat was characteristic 
of the lowland waterbodies of east coast dunes, 


on the two sampling occasions (Table 6). The surface 
peat yielded 112 morphospecies from 617 individuals 


being acidic freshwater with low conductivity and 
low nutrient status (Table 3). With the exception of 
nitrate/nitrite and ammonia, all the chemical data were 
significantly different between sites (Table 4). 


Of those variables showing a significant effect in the 
ANOVA, values were generally significantly higher at 
Site | than at the other two sites (Table 5). The water 
was least acidic at Site 2, and the values for TP, TN, 
and Kjeldahl nitrogen at Sites 1 and 2 overlapped, 
with Site 1 having the highest values. 


Overall, 119 morphospecies in a total of 904 
individuals were collected at the three sampling sites 


(Site 1: 264; Site 2: 241; Site 3: 112) from six classes 
representing 16 orders (or sub-classes). The sub- 
surface peat yielded 107 morphospecies and 287 
individuals (Site 1: 29; Site 2: 92; Site 3: 166) from 
five classes representing 11 orders (or sub-classes). 


The surface and sub-surface invertebrate species 
richness and abundance was skewed, so the data were 
converted to log,, for analysis. There was no significant 
difference according to site in surface invertebrate 
Species richness (gdw') (F = 2.073, p = 0.149) or 
abundance (g! dw) (F = 2.565, p = 0.099). The sub- 
surface invertebrate species richness (gdw') (F = 
11.497, p = 0.000) and abundance (gdw') (F = 6.432, p 
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TABLE 5. Chemical data for water samples obtained at the three sample sites in Eighteen Mile Swamp, North Stradbroke 
Island, in May 2008. Analysis performed according to APHA (1998). The significance of the differences between the measures 
using Tukey’s ¢ is shown by the letters ‘a’ and ‘b’. Means and standard errors are shown. 


BOD, (eg 0) 


TABLE 6. Taxa and total numbers of macroinvertebrates recorded at the three sampling sites in Eighteen Mile Swamp on 8 
April and 20 May 2008. 


[cotenboia id 


Total dissolved salts (mg/L) 


Total suspended solids (mg/L) 





Gastropoda 
Entognatha 
Malacostraca 
Arachnida 


Insecta 





= 0.006), however, was significantly different between 
sites, being significantly lower at Site 1 (Table 7). 


Cluster analysis was conducted only on the sub- 
surface data because of the significant difference 
discovered in overall abundance and species richness 
for the macroinvertebrates in the sub-surface peat but 
not in the surface. The proximity of the sub-surface 
to the underlying water, and the potential greater 


connectivity between the surface peat sites were other 
reasons for only conducting non-parametric analysis 
on the sub-surface peat invertebrates. 


Three groups were defined for the sub-surface 
quantitative abundance in April and May (Figure 4). 
The morphospecies identified in this manner were sent 
to the Queensland Museum for taxonomic identification. 
Only two could be identified to species level (Table 8). 
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TABLE 7. Surface and sub-surface quantitative invertebrate species richness and abundance per site in Eighteen Mile Swamp 
(g! dw). The significance between the measures using Tukey’s t is shown by the letters ‘a’ and ‘b’. Means and standard errors 
are shown. 


SC*déS WSS 
Surface invertebrate species richness (g' dw) 0.12 + 0.03 0.25+0.01 0.17+0.33 
Surface invertebrate abundance (g"' dw) 0.12+0.31 0.25 + 0.03 0.17 £0.03 





Sub-surface invertebrate species richness (g"! dw) 0.05b + 0.03 0.14a + 0.02 0.19a + 0.02 
Sub-surface invertebrate abundance (g"! dw) 0.07b + 0.06 0.28a + 0.04 0.30a + 0.50 


TABLE 8. The taxonomic identity of morphospecies highlighted through the PATN analysis as being of significance in 
distinguishing between sites in Eighteen Mile Swamp. Not all could be identified to species level. Codes are those used in the 
text and diagrams. 


Col Hyd Insecta Coleoptera Hydrophilidae Chasmogenus 
nitescens 


[coisa fines [Cooper | Sonise —[ — 


Ara Sal Arachnida Araneae Salticidae Pseudosynagelides 
raven 


Cli Oli 


Thirteen samples were used for analysis in April, 
as two had no macroinvertebrates present (Figure 
4a). The most dissimilar group was a cluster of 
three Site 3 samples and one Site 1 sample. They 
separate according to two diagnostic species, one a 
hymenopteran: Fam. Formicidae (Kruskal-Wallace 
(KW) 7.7), the other a dipteran: Fam. Tipulidae (KW 
1.9). The second split was between one Site 2 sample 
and three Site 1 samples with a coleopteran: Fam. 
Dytiscidae (KW 4.3) and an Araneae (KW 1.9) and 
three Site 2 samples and two Site 3 samples with an 
Araneae: Fam. Salticidae (KW 1.4). There was no 
significant difference in total number of species g' dw 
according to PATN groups. 


Three groups were also identified in May, and all 
15 samples were able to be used (Figure 4b). The 





most dissimilar group was a cluster of two Site 1 
samples. They separated with the diagnostic species, 
Chasmogenus nitescens (KW 4.9). The second split 
was between (a) all the Site 2 samples, three Site 3 
samples and one Site 1 sample with two dipterans: 
Fam. Ceratopogonidae and Fam. Dolichopodidae 
(KW 4.5), a lepidopteran (KW 4.5), and a chironomid 
(KW 2) and (b) two Site 3 samples and two Site 1 
samples with the diagnostic species Coleoptera: Fam. 
Scirtidae (KW 3.9), and an Oligochaeta (KW 2.1). 
When the species richness per gram dry weight of peat 
was compared across these groupings, it was found 
to be significantly different (F = 11.34, p = 0.005). 
The richest site was the group containing two Site 3 
samples and two Site 1 samples (a: 6.2 + 0.70 species 
g dw'), the next richest contained Site 3 samples and 
one Site 1 sample (ab: 3.25 + 0.70 species gdw'), and 
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the least species rich was the group containing only 
two Site 1 samples (b: 1 + 0 species g dw’). 


DISCUSSION 

This study provides unique information about 
macroinvertebrate assemblages in an oligotrophic 
peat swamp in a coastal subtropical dune system. In 
addition, we have shown the invertebrate community 
response to short-term extreme variation in water 
level due to an episode of groundwater extraction. 
This response consisted of a significant decrease in 
species richness and abundance (Site 1), compared 
with the situation at the unaffected sites (Sites 2 and 3; 
Table 9). This decrease was accompanied by elevated 
conductivity, BOD, TN and TP at the affected site in 
contrast to the unaffected sites. The nature of these 
changes is well-described as an ‘ecological surprise’ 
sensu Gordon et al. (2008) and Davis et al. (2010). 


Electrical conductivity (EC) and the associated total 
dissolved salts recorded in May 2008 had increased 
from levels recorded by Specht in 2007 (Table 1). As 
might be expected from the increased concentration of 
several chemicals, the conductivity values recorded at 
the affected site (Site 1) were significantly higher than 
those recorded at the unaffected sites, and thus from 
other lowland waterbodies of leached dunes from 
northeast NSW and southeast Queensland typically 
associated with extensive swamps (Arthington et al., 
1986, Outridge et al., 1989, Hadwen 2002: Table 10). 


The BOD was significantly higher in the samples of 
peat water at the affected site than at the unaffected 
sites. These high levels of BOD (>2.5 times greater than 
at the unaffected sites) are presumably a consequence 
of organic matter input, particularly the decaying 
ferns and sedges that died as a result of the lowering of 
the water table between 1992 and 1998 and then were 
inundated. The increased growth in dominant stands 
of Melaleuca quinquenervia at the affected site in 
recent years (Specht, 2007) has no doubt also resulted 
in increased litter fall, adding to the significantly 
greater weight of the surface peat at that site than 
at the others. Such elevated BOD indicates rapid 
utilisation of oxygen and hence reduction in oxygen 
availability, a crucial factor for aquatic invertebrate 
community structure and richness (Jacobsen, 2008). 
Low dissolved oxygen levels can result in the death 
of aquatic invertebrates (Golubkov & Tiunova, 1989; 
Connolly et al., 2004). It is possible, therefore, that 
the very low taxa abundance is a consequence of low 
levels of dissolved oxygen (DO). 
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FIG. 4. Dendrogram of site similarity according to species 
abundance per g dry weight (dw) of sub-peat in (a) April 
2008 and (b) May, 2008 using PATN at 8 = -0.1. 


Samples of peat water were not obtained from 
Eighteen Mile Swamp prior to the start of water 
extraction in 1992, but the chemical properties of 
the groundwater at each site can be assumed to 
have been similar to those at the reference sites. 
Other causes of these results need to be considered. 
Rainfall events can cause nutrient input in wetlands 
(Mitsch & Gosselink, 2000), but the effects of this 
would have been felt at all sites. Nutrient release 
from organic matter may occur as a consequence 
of fire (Whelan, 1995; Specht & Specht, 2002) with 
waterbodies in burned catchments showing elevated 
nitrogen and phosphorous levels for up to two years 
(Charman, 2002). Fire is not implicated as a source 
for increased nutrients at the affected site, however, 
as the last fire in this part of Eighteen Mile Swamp 
was recorded in 1992 and burnt all sampled sites 
equally. A fire in 1995 only burnt the northern part 
of the swamp (above the Causeway, Figure 2). 
The fluctuation in water level could be the cause 
of the increased phosphorus levels due to reductive 
dissolution of iron oxides to which the phosphorus 
was adsorbed and subsequently released into the 
water column. 
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TABLE 9. Comparison of sub-surface quantitative richness, abundance, and abiotic parameters at the three sample sites 
in Eighteen Mile Swamp , illustrated by Tukeys group categories shown earlier in this document. Significant difference at 
P<0.05, 





TABLE 10. Comparative conductivity (uS cm!) between dune lake types and samples obtained at the three sample 
sites in Eighteen Mile Swamp in May 2008, classified according to Timms (1982). Measurements reported in this paper 


shown in bold. 


Type Mean Conductivity (uS cm") and 
(range) 


2007 values (mean after Table 1) 


Watertable window lakes ® 126 (95 - 160) 


Perched dune lakes “ 79 (55 - 107) 


Watertable window lakes © 166(147-185) | 


Perched dune lakes P 180 (77 - 243) 
Waiertable window lakes ® 250 (156344) _ ®« 


150 
Unaffected (Site 3) 170 (170 - 170) 130 
190 


siesta (Se D 310 50-410 io 





“13 lakes on Fraser Island (Hadwen 2002) 


8 Blue Lagoon on Moreton Island, and Lake Freshwater in Cooloola (Outridge et al., 1989) 
© Lake Wabby and Ocean Lake on Fraser Island (Arthington et al., 1986) 


4 lakes on Fraser Island (Arthington et al., 1986) 


© Lake Wabby and Ocean Lake on Fraser Island (Hadwen 2002) 


The water level in the swamp has been relatively stable 
at the affected site since water extraction ceased in 
1998/99. However, peat collapse subsequent to drainage 
has resulted in a lowered peat surface elevation. The 
watertable is not now as far below the surface level as it 
otherwise would have been, and samples obtained from 
the surface (acrotelm) to a depth of approximately 16 
cm at this site were nearly completely flooded unlike 
those at the other sites. The loss of the peat matrix and 
function of this layer may be irreversible. 


The significantly lower species richness and 
abundance of macroinvertebrates in the affected site 
suggests that some species present at Eighteen Mile 
Swamp are sensitive to the anoxic conditions and 
high nutrient levels at this site. This is consistent 
with studies conducted in some lentic systems where 
anthropogenic water level fluctuations resulted in 


a decrease in invertebrate species diversity and 
eradication of some taxa, including Isopoda (White et 
al., 2008). Oligochaeta are able to survive in inundated 
soils, but there are large differences between species 
in response to the degree of saturation that can be 
tolerated, with escape and avoidance behaviour being 
the main survival mechanisms (Zorn et al., 2008). 


Multivariate analysis performed on ___ the 
macroinvertebrates collected during May 2008 
showed strong representation of Coleoptera: Fam. 
Hydrophilidae (Chasmogenus nitescens) at the 
affected site, whereas a suite of species that included 
soft-bodied diptera: Fam. Ceratopogonidae and 
Lepidoptera were diagnostic in analysis that included all 
the Site 2 (unaffected) samples. Oxygen requirements 
differ between species and in Australia adult and 
larval hydrophilids have respiratory adaptations that 
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enable micro-habitat occupation in relatively low 
dissolved oxygen habitats (Hynes, 1976; Golubkov 
& Tiunova, 1989; Lawrence & Britton, 2000). The 
macroinvertebrates at the affected site also included 
Species with temporary air stores, notably Coleoptera 
(e.g., Hydrophilidae, Dytiscidae, and Scirtidae), 
whereas soft-bodied cutaneous breathers were more 
common at the unaffected sites (e.g., Diptera: Fam. 
Chironomidae, and Oligochaeta). Some Chironomidae 
are known to be salt-sensitive and soft-bodied taxa 
such as Oligochaeta and Hirudinea are sensitive to 
saline conditions, probably due to their having less 
resistance to dissolved ions than invertebrates with an 
exoskeleton. 


Low oxygen in the water decreases the diffusion 
gradient and the inward diffusion of oxygen into the air 
store of temporary air store breathers, but Coleoptera 
have extremely low rates of oxygen consumption and 
can reduce their dive time (Chapman et al., 2004). 
Additionally, in LD,, tests conducted by Kefford et 
al. (2003), Coleoptera were found to be relatively 
salt tolerant, particularly Dytiscidae that possess a 
greater salt tolerance than the majority of insects 
tested. Coleopteran community recovery is also rapid 
compared to the recovery times of other insect groups 
recovering from habitat loss in mined peatlands, with 
species richness and abundance similar to undisturbed 
sites with increasing vegetation structure complexity 
(Watts et al., 2008). 


The watertable position within Eighteen Mile Swamp is 
important hydrologically, chemically, and ecologically. 


ed AW 







Precipitation 
Surface run-on 
Groundwater 





We had anticipated a decline in taxonomic richness and 
abundance with elevated biological oxygen demand 
(BOD), whereas the effect of nutrient enrichment 
(TN and TP) was more difficult to predict as results 
from studies in wetland ecosystems regarding the 
effects of nutrient enrichment on macroinvertebrate 
communities are inconsistent (Liston, 2006). Total 
dissolved salts and associated conductivity recorded 
in May 2008 were considerably higher than expected, 
although still within the freshwater range. The most 
noticeable macroinvertebrate community response 
to short-term extreme variation in groundwater level 
was the change in community composition. The 
results presented suggest that the macroinvertebrate 
responses to hydrological changes are probably due to 
a combination of factors including (1) increased total 
dissolved salts, (11) increased BOD, (111) increased 
nutrients, and (iv) structural changes in micro- 
habitat. 


A conceptual model (Figure 5) incorporates the 
unanticipated finding of elevated total dissolved salts 
(as measured by EC) at the affected site. The model also 
illustrates that when BOD, nutrients and total dissolved 
salts increase, the macroinvertebrate community 
composition alters as soft-bodied taxa are reduced or 
become absent, and Coleoptera become dominant. 


The linkages between these physicochemical 
aspects, their variability, and their effect on 
macroinvertebrate communities require further 


investigation. Hydrological change, in this study, has 
clearly influenced the effects of other stressors on 


water level 


Physical Chemical Biological 


FIG. 5: Diagrammatic illustration of physical, chemical and biological changes occurring in response to prevailing water level 


in a freshwater wetland. 
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the macroinvertebrate community, and it appears the 
affected site is now subject to strong internal feedback 
mechanisms. This study is limited by its small sample 
size, and the sampling regime does not account for 
long-term seasonal variability, but nevertheless it 
provides evidence that invertebrate fauna are under 
threat from this manner of groundwater extraction. 
It demonstrates the need to incorporate targeted 
macroinvertebrate studies in long-term monitoring 
programs of coastal dune wetlands. 
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North Stradbroke Island contains a significant proportion of Queensland’s wallum wetland habitats. 
These wetlands often occur as complex mosaics of lacustrine, riverine and palustrine systems 
comprising permanent and ephemeral streams, lagoons and lakes and wet heath communities dominated 
by sedges. Typically they are characterised as acidic, low conductivity, with low levels of dissolved 
and suspended solids and are generally oligotrophic. These wallum areas support a diversity of acid- 
adapted biota including populations of nationally and internationally threatened species. Freshwater 
fish and aquatic macroinvertebrates represent the most conspicuous fauna in these systems. Recent 
surveys of North Stradbroke Island wetlands revealed assemblages which contain a new freshwater 
species of false-spider crab Amarinus sp. nov. (Family Hymenosomatidae), a number of rare or 
highly restricted wallum specialist taxa (including the one-gilled swamp eel Ophisternon sp., Oxleyan 
pygmy perch Nannoperca oxleyana and the sand yabby Cherax robustus) and several taxa that are 
surprising to find on the island because they are uncommon elsewhere in the region (Rendahl’s catfish 
Porochilus rendahli) or they are normally associated with high altitude rainforest streams elsewhere 
in Queensland (Gripopterygidae stoneflies and the rare Gondwanan subfamily of non-biting midges 
Aphroteniinae). Distributions of the island’s wetland fauna reflected the influence of landscape history, 
marine connectivity and habitat preference interacting with the dispersal traits of the various taxa. Thus 
there were very different distribution patterns for guilds of taxa that are either restricted to freshwater, 
or have marine dispersal or aerial dispersal capability. An understanding of the distributions of taxa, 
the important processes governing them and threats, including groundwater extraction, exotic pests 
and weeds, tourism and urbanisation, is essential to inform contemporary conservation planning and 
management of the island and its wetlands. This paper further contributes to our knowledge of the 
importance of North Stradbroke Island and its wetlands in supporting significant aquatic biota. 
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INTRODUCTION 
North Stradbroke Island, located in south-eastern 
Moreton Bay, Queensland, Australia, is one of 
the largest sand islands in the world and supports 
significant coastal sand-dune ecosystems. Sand-dune 
ecosystems of the coastal areas of eastern Australia, 
and in particular south-east Queensland and north-east 
New South Wales, are diverse and distinct in terms of 
their climate, geology and ecology (Coaldrake, 1961; 
Bayly, 1964; Arthington & Watson, 1982; Timms, 
1982). These ecosystems are known as ‘wallum’ 
after the local indigenous name for the small tree 
Banksia aemula (Proteaceae) common on stabilised 
sand dunes. Wallum is now used in reference to the 
whole of the south-east coastal lowland ecosystems 
where this plant grows including coastal heaths and 
vegetation of the wetlands behind dunes. All these 


habitats are characterised by low nutrient siliceous 
sand soils, low pH and a constant supply of moisture 
from groundwater sources (Leiper et al., 2008). 
Wallum ecosystems extend as a thin and disjunct 
coastal strip from Gladstone, Queensland in the north 
to Coffs Harbour, New South Wales in the south and 
include adjacent off-shore sand islands such as Fraser, 
Moreton, Bribie and North and South Stradbroke. 
Much of this habitat has been cleared or degraded 
for coastal development (Steward, 2008) with the 
Cooloola/Tin Can Bay region and the sand islands 
(including North Stradbroke Island) representing the 
most significant intact wallum ecosystems. 


Aquatic habitats abound in wallum landscapes. North 
Stradbroke Island experiences regionally high average 
annual rainfall (1500mm -1997 to 2011- at Point 
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Lookout) generating significant groundwater reserves. 
This water is stored within a large regional aquifer and 
numerous smaller perched aquifers located above the 
regional aquifer contained by layers oflow permeability 
sand within the general sand mass (Laycock, 1975). 
Surface expressions of both the regional and perched 
aquifers support over 70 recognised wetlands on 
the island (Marshall et al., 2006a) (Figure 1). These 
often occur as complex mosaics of lacustrine, riverine 
and palustrine systems comprising permanent and 
ephemeral streams, lagoons and lakes and wet heath 
communities dominated by sedges (Figure 2). All are 
intimately associated with groundwater (Marshall 
et al., 2006a) and this tends, (to varying degrees 
depending on local hydrology and geomorphology), 
to insulate North Stradbroke Island wetlands from 
short-term rainfall variability making them relatively 
stable aquatic environments. Blue Lake is the epitome 
of this stability with recent evidence suggesting stable 
ecological conditions have prevailed for thousands of 
years (Marshall et al., 2006a; Cameron Barr and John 
Tibby, unpublished data). 


Most of the wetlands on North Stradbroke Island are 
oligotrophic, with soft, low conductivity (50 — 100 
uS cmr') and acidic water (pH <6 and often much 
lower) with low levels of dissolved and suspended 
solids (TDS 75 — 120 mg L"). They are often, but 
not always, heavily coloured with humic substances 
known as galvin (Kirk, 2010) producing so called 
‘blackwater’ environments (Bowling, 1988). As 
expected, given the prevalent soil type, wallum 
wetlands typically have sandy substrates (Timms, 
1982), although many lacustrine and palustrine 
wetlands accumulate thick peaty organic sediments 
(Coaldrake, 1961) up to 13 m deep (Cameron Barr 
and John Tibby, unpublished data). 


Frogs, freshwater fish and aquatic macroinvertebrates 
represent the most conspicuous fauna of wallum 
wetlands. This biota is depauperate in terms of 
abundance/biomass and taxon richness when 
compared to those in nearby non-wallum wetlands 
(Bensink & Burton, 1975; Mosisch & Arthington, 
2001; Steward, 2008); however they contain 
biota adapted to acid waters that are endemic and 
uncommon with highly restricted distributions 
(Bayly, 1964; Timms, 1982; Arthington & Watson, 
1982). Consequently, several wallum species are of 
conservation significance (Queensland Government, 
1992; Commonwealth of Australia, 1999; IUCN, 
2009): Oxleyan pygmy perch (Nannoperca 
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oxleyana), honey blue-eye (Pseudomugil mellis), 
wallum froglet (Crinia tinnula), wallum sedge frog 
(Litoria olongburensis) and Cooloola sedge frog 
(Litoria cooloolensis) are \isted as vulnerable, and 
many of these occur on North Stradbroke Island. 


Recent phylogeographic studies of freshwater 
fish and decapod crustacean populations on North 
Stradbroke Island have revealed a divide between 
the east and west sides of the island that is consistent 
for many species that are restricted to freshwater 
and in some cases pre-dates the formation of the 
island (Page et al., 2004; Page & Hughes, 2007a 
& b; Sharma & Hughes, 2009 & 2011; Bentley et 
al., 2010; Page et al., 2012). This suggests distinct 
evolutionary and landscape histories for wetlands 
across this divide. This divide was not evident 
for populations of species with marine dispersal 
(Sharma & Hughes, 2009; Page et al., 2012). 
Therefore life history traits and landscape history 
interact to generate current distribution patterns. 


Page et al. (2012) predicted that the population-scale 
differences they identified between east and west 
sides of the island should be reflected in species-scale 
distribution patterns of aquatic species with dispersal 
limited to freshwater pathways (potadramous fish and 
decapod crustacean species), but not in species that 
can disperse by air or by sea (those with diadromous 
life histories or aquatic insects with aerial dispersal 
by flying adults). 


Collectively this suggests that North Stradbroke 
Island supports populations of fish and aquatic 
macroinvertebrates of conservation and evolutionary 
significance (Durbidge & Covacevich, 2004; Page 
et al., 2012), but this fauna has hitherto not been 
comprehensively described (Arthington, 1994). 


The aims of this paper are to combine the information 
available from recent studies to present the current 
known distributions of freshwater fish and aquatic 
macroinvertebrates on North Stradbroke Island; 
and to explore their distributional patterns. We 
investigate the relative roles of landscape history 
(represented by the east-west divide), marine 
connectivity and habitat preference in structuring 
the island’s freshwater biota and expect the influence 
of each to vary depending on the dispersal mode of 
the biota (Table 1). This information will benefit 
future conservation planning and management of 
the island’s wetlands and their aquatic biota. 
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Wallum Creek 

Flinder's Swamp West 
Flinder's Swamp East 
Unnamed wetland 

Fern Gully Lagoon 
Amity Swamp 

Welsby Lagoon 
Unnamed wetland 
Fisherman's Creek 
Aranarawai Creek 
Coroon Coroonpah Creek 
Campembah Creek 
Myora Springs 
Yarraman Dam 1 
Unnamed wetland 

Fig Tree Lagoon 
Keyhole Lakes 
Yarraman Dam 3 and 4 
Yarraman Lakes 

Yerrol Creek Wetlands 
Brown Lake 

Brown Lake Wetlands 
Swallow Lagoon 
Eighteen Mile Swamp, Yarraman Section 
Surveyor's Swamp 
Tortoise Lagoon 
Unnamed wetland 
Unnamed wetland 
Unnamed wetland 
Unnamed wetland 
Unnamed wetland 

Blue Lake 

Blke Lake Outflow 
Wallen Wallen Swamp 
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Lake Kounpee 
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Freshwater Creek 
Herring Lagoon 
Eighteen Mile Swamp, Herring Lagoon Section 
Canalpin Swamp North 
Black Snake Lagoon 
Canalpin Creek 

Dakka Bin North 
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Ibis Central Lagoon 
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Little Canalpin Creek 
Little Canalpin Swamp 
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Unnamed wetland 
Unnamed wetland 
Northern Embayment 
Horseshoe Swamp 

Tea Tree Lagoon 

Native Companion Lagoon 
Canaipa Swamp 

Duck Lagoon 
Koureyabba Wetland 
South Lagoon 

Water Management Area 3 
Unnamed wetland 
Unnamed wetland 

Swan Bay 

Eighteen Mile Swamp, Gordon Section 
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FIG.1. Map of North Stradbroke Island indicating the location of wetlands. 
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FIG.2. Photographs of selected North Stradbroke Island wetlands to illustrate their diversity: A — Eighteen Mile Swamp; B — 
Amity Swamp; C — Unnamed Wetland (labelled as 4 in Fig.1.); D - Brown Lake; E — Kounpee Swamp; F — Keyhole Lakes; 
G — Campembah Creek; H — Fern Gully Lagoon. All photos are by the authors. 
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TABLE 1. The expected influence of landscape history, marine connectivity and habitat preference on the distributions of 
aquatic biota with different dispersal traits. 


Dispersal trait Description Landscape Connection Habitat 
history to sea 
Freshwater restricted | Can move only between freshwater wetlands | Significant Not significant | Significant 
connected to each other 


Marine dispersal Freely move between freshwater wetlands Not significant | Significant Significant 
that are connected by the sea 


Aerial dispersal Can move between all freshwater wetlands 





MATERIALS AND METHODS 

SAMPLING SITES 

Eleven wetlands were sampled for macroinvertebrates 
and 28 for fish (Table 2) including lacustrine, 
palustrine and perennial stream habitats. Sites were 
classified into east or west side of the island to 
represent landscape history (see Page et al., 2012), 
marine connected or not connected to represent 
marine connectivity, and stream or not stream to 
represent wetland habitat type (Table 2). 


AQUATIC MACROINVERTEBRATES 

Data used in the analyses were collated from various 
Queensland Department of Environment and 
Resource Management (DERM) monitoring programs 
conducted since 2006. All samples were collected 
using a standardised rapid-assessment protocol that 
targets specific habitat types. Specimens were live- 
picked from a 10 m kick sample taken with a 250 
um mesh net (NRW 2006a, b & c). Specimens from 
these samples were identified at the taxonomic level 
of family; with the exception of Chironomidae, which 
were identified to subfamily, and Acarina, Copepoda, 
Cladocera, Ostracoda, Branchiura, Conchostraca, 
Anostraca, Rotifera, Nemerta, Porifera, Nematoda, 
Oligochaeta, Polychaeta, and Collembola, which 
were identified no further. Presence and absence 
data for each site were combined from all sources. 
Additional species-level decapod crustacean records 
were assimilated from DERM fish samples and other 
research, and from unpublished sources (Sibelco Ltd. 
and Tim Page, unpublished data). 


FRESHWATER FISH 

Data were collected between 2006 — 2010 using 
a variety of methods including seining, dip nets, 
bait traps, fyke nets and back-pack electrofishing. 
Additional distributional data were obtained from 


Queensland Museum records and unpublished sources 
(Sibelco Ltd. and Tim Page, unpublished data). Thus 
sites were not all sampled using the same methods or 
with equal effort. Fish were identified to species in the 
field and released. 


DISPERSAL TRAITS OF BIOTA 

All taxa were assigned to one of three dispersal trait 
guilds based on published information: freshwater 
restricted, marine dispersal and aerial dispersal 
(Williams, 1980; CSIRO, 1991; Gooderham & 
Tsyrlin, 2002; Pusey et al., 2004; Page et al., 2007 
a & b; Sharma & Hughes 2009). Aerial dispersing 
taxa (i.e. insects) from the macroinvertebrate data 
set were used for analyses of the distribution pattern 
of the aerial dispersal guild. Although different 
species within a family can have different biological 
attributes, such as environmental tolerances and 
preferences, different food resource requirements, 
different life history strategies, and different 
zoogeographies (Stearns, 1989; Poff, 1997), studies 
in Queensland and elsewhere have shown that very 
little multivariate assemblage information was lost 
by identifying taxa to family, as opposed to species 
(e.g. Rutt et al., 1990; Marchant et al., 1995; 
Marshall et al., 2006b). So while acknowledging that 
species data would be preferable for this analysis, 
we are confident that the family-level data we used 
adequately represented the expected responses of 
aerial dispersing taxa. 


Fish and decapod species that have the capacity for 
marine dispersal represented the marine dispersal 
guild and those without this capacity represented 
the freshwater restricted guild. A separate data set of 
site by taxon presence/absence was created for each 
of the three dispersal guilds and these were analysed 
independently to test the predictions made in Table 1. 
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TABLE 2. Details of the sites included in this study including those at which macroinvertebrates, fish and decapod crustaceans were 
sampled, and their classification into east or west side of the island, stream or not stream and marine connected or not connected. 


Wetland Fish and Macro- Side of Island | Stream Marine 
Decapods invertebrates connected 


Amity Swamp yes 


Black Snake Lagoon yes 
Blue Lake yes 
Blue Lake Overflow Creek yes yes 
Brown Lake yes yes 
Campembah Creek yes yes 
Canalpin Creek yes 
Canalpin Swamp Central yes 
Cooroon Cooroonpah Creek yes 
Duck Lagoon yes 
Eighteen Mile Swamp* yes yes 
Fern Gully Lagoon yes 
Flinders Beach Wetland Creek 


: 
: 


Ibis Lagoon yes 
Ibis Lagoon Central yes 
Jaragill Lagoon yes 
Kounpee Trench yes 
Little Canalpin Creek yes 
Mungaree Lagoon yes 
Odgee Lagoon yes 
One Mile Creek yes 
Shag Lagoon yes 
Swallow Lagoon yes 
Keyhole Lakes yes yes 
Welsby Lagoon yes 
Yarraman Lakes yes yes 


Yerrol Creek yes yes 





east yes yes 
west yes yes 


* Fish records were pooled across multiple sampling sites in Eighteen Mile Swamp/Freshwater Creek, but macroinvertebrate results 
were from three separate sites in the swamp complex: Herring Lagoon section, Yarraman section and Taraman Lagoon itself, 


DATA ANALYSIS 

For each of the three dispersal guild datasets, 
we tested for the magnitude and significance of 
assemblage differences between sites, classified 
to represent their (i) landscape history, (11) marine 
connectivity, and (11) wetland habitat type, using 
Analysis of Similarity on a Bray Curtis similarity 


matrix (ANOSIM, Primer v6, Clarke & Green, 1988, 
Clarke & Warwick, 1994). Results of significant 
tests were illustrated by means of non-metric multi- 
dimensional scaling ordination (MDS) plots coded 
to represent the site classifications. For landscape 
history we also noted the number and percentage 
of taxa restricted to either the east or west side of 
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the island and these values were used to define the 
influence of landscape history on current distributions. 
ANOSIM R statistics were used define the influence 
of marine connectivity, and wetland habitat type. The 
outcomes of these tests were summarised in relation 
to the predictions made in Table 1. 


RESULTS 
Aquatic macroinvertebrates were ubiquitous at the 11 
sites we sampled (three of which were within Eighteen 
Mile Swamp, Table 2), with a mean of 23 taxa present 
per site and this ranged from 11 to 33 taxa. A total of 
66 taxa were recorded across all sites (Table 3). 


Twenty-seven sites were sampled for fish and decapod 
crustacea and of these, no native fish were recorded at 
11 (one site had only the introduced species Gambusia 
holbrooki) and 12 had no decapods present (Table 4). 
Seventeen freshwater fish taxa were recorded and all 
were identified to species except for the undescribed 
synbranchid eel Orphisternon sp. (see Pusey et al., 
2004) (Table 5). Several euryhaline species with marine 
rather than freshwater affiliations were recorded but not 
used for subsequent analyses (Table 6). Individual sites 
with fish had between one and twelve native species 
present with a mean of four species. 


Six freshwater decapod taxa were collected on the 
island (Table 7), but it should be noted that a crab 
from the euryhaline marine family Grapsidae was 
also collected in macroinvertebrate sampling from 
Keyhole Lakes but this was not included in subsequent 
analyses because this is not regarded as a freshwater 
family (Davie, 2002). The two shrimp (Atyidae) from 
the genus Caridina we collected are both undescribed 
species identified using molecular genetics and named 
here according to the existing published convention 
for this group in the absence of taxonomic revision (as 
described in Page & Hughes, 2007a & b). 


The predictions we made about the influence of 
landscape history, marine connectivity and_ habitat 
preference on the distributions of aquatic biota with 
different dispersal traits were largely substantiated by 
the results (Table 8, Figure 3) and these are presented 
below for each of the three dispersal guilds considered. 


FRESHWATER RESTRICTED SPECIES 

Assemblages of freshwater restricted species of 
fish and decapod crustacean were recorded from 18 
wetlands, of which five were on the east of the island 
with the remainder on the west, six were isolated 


from the sea with the remainder connected, and eight 
were streams with the remainder non-streams. Fern 
Gully Lagoon was removed from analyses as the only 
species recorded to live there was found nowhere 
else on the island, making this site unique and an 
extreme outlier in multivariate analyses. Assemblages 
of freshwater restricted species of fish and decapod 
crustaceans were not significantly different between 
east and west sides of the island (R = 0.15, p = 0.09). 
Despite this, the results still support our prediction of 
differences between the sides of the island because 
seven of the 13 species classified as freshwater 
restricted were recorded from only the east side of the 
island (Caridina indistincta C2, Tandanus tandanus, 
Ambassis agassizii, and Mogurnda adspersa) or 
from only the west side (Caridina indistincta C1, 
Pseudomugil signifier, Cherax robustus). Of these, 
only Caridina indistincta C2 occurred at all sites on 
one side of the island, the others mentioned having 
more patchy distributions within their respective 
island side. 


Significant differences in the assemblage of 
freshwater restricted species were found between 
sites that were connected and those not connected 
to the sea (R = 0.232, p = 0.03) and between stream 
and non-stream sites (R = 0.212, p=0.02). This was 
as a result of five species being entirely restricted to 
sites connected to the sea (Rhadinocentrus ornatus, 
Pseudomugil — signifier, Nanoperca  oxleyana, 
Ophistemon sp. and Caridina indistincta C2), three 
species having higher frequencies of occurrence at 
non-stream than stream sites (Hypseleotris galii, 
Tandanus tandanus and Caridina indistincta C2) and 
three species occurring more frequently at stream 
than non-stream sites (Rhadinocentrus ornatus, 
Pseudomugil signifier and Caridina_ indistincta 
C1) -— although none of these latter six species were 
restricted to either streams or non-streams. 


MARINE DISPERSING SPECIES 

Assemblages of marine dispersing species of fish and 
decapod crustaceans were recorded from 11 wetlands, 
of which four were on the east of the island with the 
remainder on the west, and eight were streams with 
the remainder non-streams. None of these species 
were collected from any sites that were isolated from 
the sea, which confirms the importance of connectivity 
between marine and freshwater for these species. 


These assemblages were not significantly different 
between east and west sides of the island (R = -0.034, 
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TABLE 3. Macroinvertebrate records for North Stradbroke Island locations 
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TABLE 4. Sites at which no native freshwater fish or decapod crustaceans were recorded. 


Amity Swamp Black Snake Lagoon 


a 


* no native species present but the introduced species Gambusia holbrooki recorded 





> artificial constructed wetland associated with past sand-mining 


p = 0.52). Despite this, three of the nine species 
classified as marine dispersing were recorded from 
only the east side of the island (Megalops cyprinoides 
and Ambassis marianus) or from only the west side 
(Amarinus sp. noy.), but none of these were ubiquitous 
on their respective island side. There was however a 
significant difference in the assemblage of marine 
dispersing species found between stream and non- 
stream sites (R =0.417, p=0.03) because 3 species only 
occurred in non-stream sites (Megalops cyprinoides, 
Ambassis marianus and Philipnodon grandiceps) and 
an additional three species had higher frequencies 
of occurrence but were not restricted to stream sites 
(Gobiomorphus australis, Macrobrachium tolmerum 
and Amarinus sp. nov.). 


AERIAL DISPERSING INSECTS 

Assemblages of aquatic insects with potential for 
aerial dispersal were sampled from 11 wetlands, 
five of which were on the east of the island with the 
remainder on the west, two were isolated from the sea 
with the remainder connected, and five were streams 
with the remainder non-streams. Assemblages were not 
significantly different between east and west sides of 
the island (R =0.195, p=0.10). Despite this, five of the 
34 taxa recorded from two or more sites were recorded 
from only the east side of the island (Hydrometridae 
and Isostictidae) or from only the west side (Gerridae, 
Notonectidae and Gripopterygidae), but with all of 


these taxa also displaying patchy distributions within 
their respective island side. 


As expected there was no significant difference 
between sites that were and those not connected 
to the sea (R = 0.27, p = 0.11), but there was a 
significant difference between the insect assemblages 
of stream and non-stream sites (R = 0.283, p = 0.04). 
This resulted from suites of taxa being restricted to 
either streams (e.g. Ecnomidae, Hydropsychidae, 
Leptophlebiidae, Gripopterygidae) or non—streams 
(e.g. Corixidae, Nepidae) as expected from the known 
habitat preferences of these taxa. 


DISCUSSION 

The macroinvertebrate and fish fauna identified from 
North Stradbroke Island was generally ubiquitous to 
south-east Queensland, with some notable exceptions, 
including wallum specialist taxa. The most common 
macroinvertebrate taxa included atyid shrimps, baetid 
mayflies, Chironominae, leptocerid mayflies and 
microcrustaceans. One conspicuous group missing 
from the island was the gastropods and this may be 
as a consequence of the low calcium concentrations 
in the water of these wetlands (Timms, 1982). Some 
of the island’s fish fauna are common and widespread 
taxa, with dominant species including the introduced 
Gambusia holbrooki and the native Hypseleotris galii 
and Anguilla reinhardtii. 
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TABLE 5. Freshwater fish records for North Stradbroke Island locations where fish were present and their sources (x —- DERM; 
m — Queensland Museum; s — Sibelco; p— Timothy Page). Dispersal guild membership to which each species was allocated 
is also indicated. 
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TABLE 6. Fish species with a marine affiliation collected during DERM surveys. 
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TABLE 7. Freshwater decapod crustacean records for North Stradbroke Island locations where decapods were present and 
their sources (x — DERM; s — Sibelco; p — Timothy Page). Dispersal guild membership to which each species was allocated 


is also indicated. 


Dispersal Guild 


Caridina indistincta C1 
Caridina indistincta C2 
Cherax dispar 


Amarinus sp. nov. marine 
Macrobrachium tolmerum  }\ marine 


The aquatic macroinvertibrate faunal richness was 
approximately half that typical for non-wallum 
south-east Queensland streams (Steward, 2008; 
DERM, unpublished data). This may be related to the 
oligotrophic nature of the island’s wetlands and their 
unusually low pH (Bensink & Burton, 1975; Mosisch 
& Arthington, 2001; Steward, 2008). Certain elements 
of the fauna are of particular note because they include 





rare taxa, taxa with highly restricted distributions or 
taxa that would not normally be expected to occur ina 
lowland coastal setting in south-east Queensland. 


The undescribed one-gilled swamp eel Ophisternon sp. 
belongs to the family Synbranchidae that is distributed 
throughout tropical and sub-tropical regions of 
Asia and the western Pacific in both freshwater and 
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TABLE 8. Summary of the observed associations of landscape history, connectivity to the sea and habitat with the distributions 
of aquatic biota with different dispersal traits. Associations with landscape history are based on the percentage of taxa restricted 
to either the east or west side of the island while associations with connection to the sea and habitat are based on magnitude 
and significance of ANOSIM R statistics (both presented in brackets). 


| Observed association with distributions of biota 


Dispersal mode Landscape history Habitat 
) 


Freshwater restricted species Large (54% Small (0.23) Small (0.21) 
Marine dispersing species Moderate (33%) Moderate (0.41) 


Aerial dispersing insects 


Small (15% None (0.19)? Small (0.27) 





* marine dispersing species were absent from sites not connected to marine environment 


> ANOSIM not significant 


estuarine habitats. The species that occurs in south- 
east Queensland is very rare (Pusey et al., 2004) with 
a total of only eight specimens previously known from 
the Noosa, Mary and Maroochy Rivers, Mellum Creek 
and North Stradbroke Island (location not specified). 
All were collected from small, shallow, low-gradient, 
coastal streams with well oxygenated and acidic water 
(Pusey et al., 2004). These conditions reflect those of 
both Aranarawai and Campembah Creeks where we 
collected this species on North Stradbroke Island. The 
rarity of the species suggests that these populations 
are of significance to the conservation of the south- 
east Queensland Ophisternon sp. 


The Oxleyan pygmy perch Nannoperca oxleyana 
Whitley, 1940 (Percicthyidae) has a patchy distribution 
and is known from 53 coastal wallum wetlands from 
Tin Can Bay in south-east Queensland to north eastern 
New South Wales, including Fraser, Moreton and North 
Stradbroke Islands (Arthington & Marshall, 1996; 
Knight & Arthington, 2008). Genetic analysis has 
shown most populations have been isolated for long 
periods (Hughes et al., 1999) and on North Stradbroke 
Island this is one of the species with differentiation 
between populations on the east and west sides of the 
island (Page et al., 2012). The western population is 
restricted to Little Canalpin Creek and has in the past 
been the subject of a captive breeding programme to 
avoid accidental damage resulting from nearby sand 
mining. Mining has now ceased in the vicinity and 
the natural population in the creek remains unaffected 
(Paul Smith, pers comm.). The eastern population 
occurs in the wetland complex of Eighteen Mile 
Swamp, Blue Lake Outflow Creek and Blue Lake. 
The first and only known record of the species in 
Blue Lake is from a single specimen collected in 2006 


(McGregor et al., 2008). We did not catch this species 
in either Blue Lake or Blue Lake Outflow Creek 
during our surveys. The abundance of the species 
was very low in Eighteen Mile Swamp and it took the 
authors nine sampling trips and a large effort using a 
variety of equipment in order to collect 11 individuals 
for genetic analysis (see Page et al., 2012), and these 
were mostly very small individuals. This abundance 1s 
much lower than has been recorded at other locations 
(e.g. an average catch of 17 individuals in five seine 
hauls in the Noosa River (Pusey et al., 2004)). Thus the 
eastern population of Oxleyan pygmy perch on North 
Stradbroke Island is largely restricted to Eighteen 
Mile Swamp. As this swamp is young (less than 1000 
years old) (Mettam et al., this issue) the population 
must have existed elsewhere throughout its history 
on the island. Current low abundances may reflect the 
impact of the very high abundance of the introduced 
fish Gambusia holbrooki in this wetland (Arthington 
& Marshall, 1996). 


Rendahl’s catfish Porochilus rendahli (Whitley, 1928) 
(Plotosidae), is not a species that we expected to collect 
on North Stradbroke Island. It has a wide but patchy 
distribution across northern and eastern Australia and 
has been described as ‘extremely uncommon’ south of 
the Fitzroy catchment in central Queensland (Pusey 
et al., 2004). Despite this we found this catfish to be 
abundant in Keyhole Lakes at the north of Eighteen 
Mile Swamp, but not present in any other wetlands. 
As Keyhole Lakes is joined to the rest of the Eighteen 
Mile Swamp complex of wetlands, it is surprising that 
the species is not also found in Eighteen Mile Swamp, 
Blue Lake or Blue Lake Outflow Creek. This catfish 
has habitat preferences for low water velocity, muddy 
substrate and dense submerged macrophytes (Pusey 
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FIG.3. MDS _ ordination plots illustrating significant 
ANOSIM tests (p < 0.05) indicating sites on the east (A) and 
on the west (m) of the island, sites that were streams (#) or 
not streams (@) and sites connected (+) or not connected (x) 
to the marine environment. A & B — aerial dispersing insects; 
C, D & E — freshwater restricted species; F & G — marine 
dispersing species. 
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et al., 2004) and while Keyhole Lakes had low water 
velocity when we sampled, the substrate was sand with 
few if any submerged macrophytes. Thus the habitat 
provided by this wetland only partly matches the known 
preferences of the species and in fact Blue Lake would 
be a better match. Although today it looks much like 
a natural water body, Keyhole Lakes is a constructed 
wetland resulting from sand mining activities in the 
1950s (Paul Smith, pers comm.). It is possible that 
these catfish have been artificially stocked but we 
consider this unlikely because they have no recreational 
fishing appeal. Assuming this is a natural population of 
Rendahl’s catfish its unusual regional setting would 
warrant its conservation. The current distribution also 
raises the question of where the population lived prior 
to the construction of Keyhole Lakes. 


Our study confirms North Stradbroke Island does 
not support populations of the wallum specialist 
fish, the honey blue-eye Pseudomugil mellis (Allen 
& Ivantsoff, 1982) (Pseudomugilidae) (Pusey et 
al., 2004). This species is listed as ‘vulnerable’ in 
Queensland (Nature Conservation Act, 1992) and 
‘endangered’ nationally (Environment Protection 
and Biodiversity Conservation Act, 1999). It is very 
patchily distributed in only 18 known locations 
in coastal wallum streams and lakes from near 
Rockhampton in central Queensland, south to the 
Tibrogargan Creek catchment north of Brisbane, and 
on Fraser Island (Arthington & Marshall, 1993) but, 
unlike the Oxleyan pygmy perch, it does not occur on 
either Moreton or North Stradbroke Islands. As the 
absence of this species on North Stradbroke Island 
(and in many other wallum wetlands throughout its 
current range) is unlikely to be due to a lack of suitable 
habitat, the possibilities remain that either it has never 
colonised the area or it has gone locally extinct. 


Juvenile life-stages of the stonefly family 
Gripopterygidae (order Plecoptera) are usually 
associated with fast flowing water in mountainous 
areas (CSIRO, 1991). However, they have been 
reported from North Stradbroke Island (Theischinger, 
1984), and we recorded them from Campembah and 
Aranarawai Creeks. The distribution of this family 
within Queensland confirms they prefer cool, clear, 
highly oxygenated water and most records are from 
sites at altitudes greater than 250 m above sea-level 
(DERM, unpublished data). The average dissolved 
oxygen saturation at sites where Gripopterygidae were 
recorded in 260 samples from throughout the state was 
8.5 % (range 3.8 % to 12 %), average water temperature 


at the time of sampling was 19 °C and turbidity was less 
than 26 NTU in 99 % of these samples. Gripopterygidae 
are also highly sensitive to pollution (Chessman, 2003). 
Therefore, the presence of stoneflies in these two streams 
on North Stradbroke Island is unusual, and suggests 
that the perennial discharge of cool groundwater that 
feeds the streams (Marshall et al., 2006a) allows for 
high dissolved oxygen saturation and provides habitat 
for Gripopterygidae akin to that normally only found at 
high altitudes in Queensland. 


Aphrotentinae is a rare Gondwanan subfamily from the 
Dipteran family Chironomidae —the non-biting midges 
(Cranston, 2000) and it is noteworthy that we recorded 
it from Campembah Creek on North Stradbroke Island. 
Four endemic species of Aphroteniinae are found 
in Australia, but Aphroteniella filicornis Brundin, 
1966 is the only species recorded from Queensland. 
A. filicornis has been found in the mountainous 
headwaters of both the Queensland section of the 
Murray-Darling Basin drainage division and the 
North East Coastal drainage division (Bugledich et 
al., 2007). In mountain rainforest streams, the aquatic 
larvae of Aphroteniinae can be locally common, 
and have been recorded from Cedar Creek at Mount 
Tamborine (Bugledich et al., 2007) and Stony Creek 
in the Conondales (Marshall, 2001). However, the 
rarity of this sub-family in Queensland is highlighted 
by the fact that Aphroteniinae have only been recorded 
at three sites (all mountain rainforest streams in the 
Wet Tropics region of north Queensland) by DERM’s 
statewide monitoring programmes which encompasses 
10 500 samples from over 1 800 sites throughout 
the State. Although other species in Australia are 
restricted to mountain streams, the holotype of A. 
filicornis was collected from Lake Boomanyin, Fraser 
Island (Brundin, 1983). The highest densities of A. 
filicornis in one study were found where fine organic 
matter overlies sandy deposits (Cranston & Edward, 
1992), which describes many freshwater habitats on 
North Stradbroke Island. As with Gripopterygidae, we 
suggest that the unusual habitat features provided by 
perennial groundwater discharge explain the presence 
of this taxon on the island. 


The ‘sand yabby’ Cherax robustus Riek, 1951 1s 
a freshwater crayfish (family Parastacidae) with a 
highly restricted distribution. It has been recorded 
from Fern Gully Lagoon on North Stradbroke 
Island, and from Fraser, Bribie and Moreton Islands 
(Riek, 1951; Bentley, 2007). It is endemic to south- 
eastern Queensland (Munasinghe et al., 2004a), and 
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genetically distinct from other Cherax in Australia 
(Munasinghe et al. 2004a & b; Bentley 2007). C. 
robustus is restricted to sandy, tannin-stained coastal 
wetlands in wallum heath (Alletson, 2000; Munasinghe 
et al., 2004b; Queensland Museum, 2007). It has been 
suggested that it’s distribution is limited by pH, and 
that it prefers low pH between 3.3 and 5.3 (Alletson, 
2000). The species was recorded from the mainland 
in the past, however it has not been found since the 
1980’s — 1990’s and is thought to be locally extinct 
(Alletson, 2000; Queensland Museum, 2007). The 
remaining populations of C. robustus are therefore 
of conservation interest including the isolated North 
Stradbroke Island population in Fern Gully Lagoon. 


Sampling for this study has lead to the discovery of an 
undescribed species of false-spider crab Amarinus sp. 
nov. (Hymenosomatidae) on North Stradbroke Island. 
We collected specimens from amongst submerged 
aquatic macrophytes (Eleocharis sp.) growing in 
fast flowing water cascading over a peat drop-off 
where the stream exits Flinders Beach Swamp. The 
species has also been collected from vegetated fast- 
flowing habitat in Little Canalpin Creek (Tim Page, 
pers. comm.). Amarinus sp. nov must be considered 
as highly restricted as it is not known from any other 
locations. Crabs of this family generally occur in 
shallow marine coastal waters and estuaries but there 
is a single euryhaline species Amarinus lacustris 
known to enter freshwater streams in Tasmania, 
South Australia and Victoria and also in New Zealand 
(Gooderham & Tsyrlin, 2002; Davie, 2002). Our 
record therefore represents a considerable northward 
extension of the penetration of these crabs into 
Australian freshwaters. 


Interpretation of patterns in the occurrence of the 
island’s freshwater fauna, after their classification into 
guilds based on their mode of dispersal, has allowed 
a clear picture to emerge of how landscape history, 
life history constraints and habitat preferences interact 
with the current landscape of wetlands to shape faunal 
distributions. If we consider all of the taxa present on 
the island as a pool potentially available to colonise 
all of its wetlands, it is evident that all taxa are not 
present in all wetlands and that different factors or 
combinations of factors drive the distributions of each 
of these guilds. 


Even the aerial dispersing insects, with potentially 
unrestricted access to all wetlands, were not ubiquitous. 
Because dispersal is unlikely to be a limiting factor 
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for this guild over the small distances between the 
various island wetlands, distribution patterns are 
likely to reflect the habitat preferences of individual 
taxa. It is well documented that different families of 
aquatic insects have strong preferences for flowing or 
still water conditions (e.g. Jenkins et al., 1984) and 
this was confirmed by our analyses. Other aspects of 
habitat (including food resource availability and biotic 
interactions) are also likely to contribute to these 
distribution patterns. These patterns were evident 
despite our use of taxa identified to family and may be 
even stronger at the species level. 


As habitat was an important structuring force for the 
distribution of taxa with unrestricted distribution, so itis 
also expected to be a force structuring the distributions 
of the other guilds of taxa with less freedom of 
dispersal. Indeed habitat represented by streams or 
non-stream wetlands was significant in structuring the 
distributions of both freshwater restricted and marine 
dispersing guilds. This is consistent with the ecological 
concept that habitat filters determine realised site- 
specific species distributions from regional pools of 
potential colonists (sensu Poff, 1997). 


Connectivity between freshwater wetlands and 
the marine environment was clearly the principal 
influence upon the distributions of taxa from the 
marine dispersers guild, which were represented in all 
wetlands we sampled that had marine connection, but 
were totally absent from all those not so connected. 
The nature of this connection did not need to be 
particularly direct or simple for these taxa to colonise 
wetlands. Access to Blue Lake illustrates this, as for 
individual biota to move between the lake and the 
sea they must first traverse Blue Lake Outflow Creek 
and then the complex mosaic of wetland vegetation in 
Eighteen Mile Swamp (Stephens, 2005) before finally 
reaching Swan Bay and the marine environment at 
the southern end of the island. Return to the lake also 
involves traversing an artificial barrier on the outflow 
creek (see discussion below), so successful migration 
represents quite an achievement for these animals. 


For the guild of taxa restricted to freshwater throughout 
their lives, dispersal by sea or by air is impossible. 
Marine salinity is toxic to these species and they are 
unable to fly. It is generally assumed they can only 
move between wetlands when they are hydrologically 
connected by fresh water. For some wetlands this 
never occurs because they remain isolated from all 
others at all times by their landscape setting. Many of 
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the perched lacustrine and palustrine wetlands of the 
island are of this category and indeed many of them 
have no taxa present from this guild (or as we have 
already discussed, from the marine dispersers guild). 


It is intriguing to note however, that some of the isolated 
wetlands on the island have been colonised by freshwater 
restricted taxa. Three of the isolated perched wetlands 
(Black Snake Lagoon, Fern Gully Lagoon and Welsby 
Lagoon) harboured populations of one or two species 
from this guild, including the crayfish Cherax dispar 
and C. robustus and the firetail gudgeon Hypseleotris 
galii, and we assume these to be natural occurrences. 
Several species from this guild are also now present 
in Brown Lake, but as is discussed in more detail 
below, we suspect that these may have been recently 
introduced to the lake. Some of the isolated wetlands 
on Fraser Island also host populations of freshwater 
restricted taxa (Arthington & Marshall, 1993), so such 
distribution patterns are not unique to North Stradbroke 
Island. In all cases, only very small subsets of the local 
pool of guild members form populations in isolated 
wetlands and species composition tends to vary between 
wetlands (especially on Fraser Island) (Marshall, 
1986). There are also far more isolated wetlands with 
no species from this guild present than those where they 
are, both on North Stradbroke and other sand islands. 
These patterns suggest that recruitment of colonists is 
both very rare and stochastic. 


The question of how these species have managed to 
colonise isolated wetlands is difficult to answer, but 
it seems certain that on these sand islands colonists 
have not arrived by swimming. The high porosity 
and thus poor water holding potential of the sand, 
together with the often steep topography of the island, 
render surface connection to other wetlands by water 
impossible. Crayfish species are known to move 
over land between waterbodies, especially when the 
intervening ground is wet from recent rainfall, so the 
two species of Cherax may have walked from near- 
by source populations. This is more plausible for 
C. dispar, which is present in many of the island’s 
wetlands, but is more contentious for C. robustus, 
which is known on the island only from Fern Gully 
Lagoon (see also Bentley, 2007). 


Fish can no more walk than they can fly. Contenders 
for viable mechanisms for their dispersal to 
isolated waterbodies include the classic ‘ducks’ 
feet’ explanation (e.g. Darwin, 1882) whereby live 
immigrants are flown in as eggs tangled in plant 


material attached to the feet of a visiting waterbird (or 
possibly in its mouth in the case of piscivorous birds 
such as pelicans), and storm dispersal in which water 
including colonists is sucked up by a whirl-wind from 
one wetland and rained down into another depositing 
the live cargo. 


The distributions of taxa from the freshwater restricted 
guild within streams and other wetlands connected to 
streams showed a strong pattern in species distribution 
in relation to the phylogeographic divide between the 
east and west sides of the island identified by Page 
et al. (2012). Historical hydrological connection 
to mainland stream networks is the most likely 
mechanism that allowed these species to establish 
populations in these wetlands (Page & Hughes 2007a; 
Page et al., 2012). Throughout the majority of the 
island’s 500,000 year existence, sea levels were much 
lower than today, and the island was joined to the 
mainland with the coast approximately 20 km east of 
its current location (Flood & Frankel, 1986; Baker & 
Haworth, 2000; Ward, 2006; Page & Hughes, 2007a). 
During periods with low sea level, the streams that 
are currently isolated on the island were tributaries 
of mainland river networks so freshwater dispersing 
biota would have been at liberty to disperse within 
each river network including the streams now on the 
island (Page & Hughes 2007a; Page et al., 2012). 
Different river catchments drained the east and west 
sides of the island (Page & Hughes, 2007a) and 
this may explain both the genetic differentiation of 
populations on the island (Page et al., 2012) and the 
distributions we observed with more than half of the 
13 freshwater restricted species confined to a single 
side of the island. 


There is often speculation that freshwater fish 
could be carried far to sea and disperse between 
catchments during major floods (e.g. Knight, 2000). 
If this happens then floods in the rivers draining into 
Moreton Bay could carry freshwater restricted fish 
to North Stradbroke Island. The January 2011 floods 
are an example of this as it is likely a plume from the 
flood did extend at least to the west coast of the island 
(DERM, unpublished data), but it is not known if the 
plume maintained salinity low enough for freshwater 
fish to utilise it, or indeed if it contained freshwater fish 
at all. Population genetics evidence does not support 
this theory as west coast populations of freshwater 
restricted species on North Stradbroke and Moreton 
Islands do not show evidence of recent immigration 
from the mainland and remain identifiably distinct 
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populations whereas populations of marine dispersing 
species are not differentiated (Page et al., in press). So 
it appears reasonable to conclude that, to a large extent, 
current distributions of members of the freshwater 
restricted guild are relics of ancient connectivity. 


Some current threats to the distributions of the island’s 
aquatic fauna include groundwater extraction, exotic 
pests and weeds, tourism and urbanisation. Potable 
water is supplied to island and mainland residents from 
the island’s regional aquifer. Water demand results in 
localised lowering of the groundwater in the vicinity 
of extraction bores and a potential for effecting the 
critical water requirements of groundwater dependent 
ecosystems and the species they support. A sustainable 
groundwater extraction regime is currently being 
developed by the Queensland government as part of 
the Logan Basin Water Resource Plan. 


The exotic fish Gambusia holbrooki is the most 
widespread and common aquatic pest species on 
the island. It poses a threat to native taxa and was 
intentionally distributed throughout south-east 
Queensland from the 1920’s in the misguided belief 
it was more effective at mosquito control than 
native fish (Arthington, 1990). Its distribution on 
the island continues to spread. Until quite recently 
Brown Lake was known to be a fishless wetland 
(Bensink & Burton, 1975; Mosisch & Arthington, 
2001). Within the last 10 years two fish species (G. 
holbrooki and Hypseleotris galii) have colonised 
the lake at approximately the same time. This 
could have occurred naturally via one of the above 
mentioned modes, but the lake is very heavily visited 
by tourists and locals alike and was previously used 
for water skiing (Mosisch & Arthington, 2001). It is 
not difficult to imagine an accidental dispersal via a 
boat used recently elsewhere, or a deliberate release. 
Another theory is that a fire-fighting helicopter that 
landed to suck up water from the lake in its efforts 
to extinguish a local fire, accidentally transported 
live fish from its last filling point (Paul Smith, pers 
comm.). The genetics of the native Hypseleotris galii 
population now in the lake has been compared with 
other populations on the island and mainland and 
interestingly, a likely source population has not yet 
been identified (Page et al., 2012). 


Artificial barriers such as culverts and road crossings 
interfere with the movement of diadromous species 
and pose a threat to their distribution on the island 
(Resh, 2005). There are two such structures of note: 
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(i) the East Coast Road crossing of Campembah 
Creek at Myora Springs and (ii) where the track that 
runs along the western side of Eighteen Mile Swamp 
crosses Blue Lake Outflow Creek. In both cases, the 
creek has been channelled through pipes for the road 
crossing and the downstream ends of the pipes (their 
outlets) are raised some distance above the height 
of the stream under normal flow conditions. Neither 
of these structures represent complete barriers as 
diadromous species occur upstream of both (Anguilla 
reinhardtii and Megalops cyprinoides in Blue Lake 
and Anguilla reinhardtii, Gobiomorphus australis and 
Macrobrachium tolmerum in Campembah Creek). 
However the frequency and duration of opportunities 
for migration past these points on these streams are 
severely restricted by the structures and this may have 
unknown impacts on the populations of diadromous 
species. A third road crossing at the causeway towards 
the northern end of Eighteen Mile Swamp also restricts 
passage to a series of pipes under the road under normal 
flow conditions, but in this case at least both ends of the 
pipes are always in the water and diadromous species 
are present upstream of this structure (e.g. Ambassis 
marianus, Anguilla reinhardtii and Macrobrachium 
tolmerum in Keyhole Lakes). It is also of interest to 
note that a natural barrier formed by a cascade over 
a peat drop-off approximately 1 m high (Paul Smith, 
pers comm.) near the mouth of Little Canalpin Creek 
has restricted invasion by Gambusia holbrooki to the 
small reach of the stream downstream of this cascade. 
This is an example of how a lack of connectivity can 
restrict the ability of species to disperse and protect 
native ecosystems from invasive species. 


An understanding of the distributions of taxa, the 
important processes governing their distributions and 
contemporary threats as discussed above, is essential 
to inform contemporary conservation planning and 
management of the island and its wetlands. This paper 
further contributes to our knowledge of the importance 
of North Stradbroke Island and its wetlands in 
supporting significant aquatic biota. This reinforces 
the merit of current Queensland government initiatives 
to conserve the island’s natural features. 
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THE FROG FAUNA OF BRIBIE ISLAND: AN ANNOTATED LIST AND 
COMPARISON WITH OTHER QUEENSLAND DUNE ISLANDS 
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Though Bribie I. supports extensive areas of freshwater wetland, little has been published on the 
island’s frog fauna. In this paper we review existing data on Bribie Island’s frog fauna and that of 
other dune islands as well as providing new information on the occurrence, distribution and natural 
history of frogs on Bribie I. based on survey and monitoring work undertaken since 1996. Conservation 
management issues for frogs on Bribie I. are also discussed. Currently, 15 native frog species are 
known to occur on Bribie I., the same number as that recorded on Fraser and North Stradbroke Is. 
Amongst the species occurring on Bribie I. are three wallum-dependent ‘acid’ frog species listed as 
vulnerable under the Queensland Nature Conservation Act 1992: wallum froglet (Crinia tinnula), 
wallum rocketfrog (Litoria freycineti) and wallum sedgefrog (L. olongburensis). These three species 
appear to be widespread and abundant on Bribie I., except for settled areas in the south of the island. 
On Bribie I. all three species and a fourth more widely-distributed species, the scarlet sided pobblebonk 
(Limnodynastes terraereginae), breed readily in tannin-stained waters of pH 3.5 and less — waters toxic 
to most other amphibian species. Tolerance of Bribie I. L. terraereginae to acidic waters is especially 
remarkable with larvae of this species recorded in water as acidic as pH 3.0. 
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INTRODUCTION 

Queensland supports a diverse frog fauna (127 
species from 20 genera) threatened by disease (in 
particular amphibian chytridiomycosis), climate 
change, and ongoing loss and degradation of habitat. 
Habitat loss and degradation are of greatest concern 
in south-east Queensland, a recognised hotspot for 
amphibian diversity (Roberts, 1993; Hines et al., 
1999). where continuing human population growth 
and urban expansion pose a significant threat to 
frog populations in lowland coastal areas (Hines et 
al., 1999; Hero et al., 2000). Of particular concern 
is the loss and degradation of habitat within the 
wallum (sensu Coaldrake, 1961), an area of coastal 
sands extending from Bundaberg south to northern 
New South Wales, including the dune islands Fraser, 
Moreton, North Stradbroke and Bribie. 


Though supporting extensive freshwater wetlands 
(both palustrine and lacustrine), little has been 
published on the frog fauna of Queensland’s dune 
islands. Most existing accounts of the frog fauna 
of these islands are based on limited survey effort 
and provide little or no detail on the distribution, 
abundance or ecology of frog species present. An 
exception is the frog fauna of North Stradbroke 


I., the subject of an earlier Proceedings paper by 
Ingram & Corben (1975). Data presented by Ingram 
& Corben (1975) and others (Barry & Campbell, 
1977; Kikkawa et al., 1979; Barry, 1984) indicate 
that Queensland’s dune islands support a less 
diverse, but perhaps more specialised, frog fauna 
than that of the adjacent mainland. Of particular 
note in this regard are the ‘acid’ or ‘wallum’ frogs, 
a group of frogs largely restricted to wallum habitat 
including Crinia tinnula, Litoria cooloolensis, L. 
Jreycineti, and L. olongburensis (Ingram & Corben, 
1975; Kikkawa et al., 1979). 


Acid or wallum frogs are associated with acidic, 
low nutrient wetlands typical of the wallum and 
occur from near Bundaberg in Queensland south 
to Jervis Bay in New South Wales (Meyer et al., 
2006; Hines et al., 1999; Ingram & Corben, 1975; 
Kikkawa et al., 1979). Due principally to the loss, 
fragmentation and degradation of their habitat, 
acid frogs are variously listed as threatened 
under state and federal legislation (Meyer et al., 
2006). The dune islands of south-east Queensland 
contain extensive areas of breeding habitat, and 
are critical to the long-term conservation, of these 
species. Queensland’s dune islands are also home 
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to a range of frog species less strongly associated 
with wallum habitat which appear less widely 
distributed in undisturbed wallum and which occur 
more commonly in disturbed habitat (Ingram & 
Corben, 1975; Kikkawa et al., 1979). 


Despite supporting extensive wetlands and being 
the most accessible of Queensland’s dune islands, 
the frog fauna of Bribie I. is one of the more poorly 
documented. Existing published information on 
Bribie’s frogs comprises simple lists of 3, 7 and 10 
species presented in Ingram & Corben (1975), Barry 
& Campbell (1977) and Barry (1984) respectively. 
Barry & Campbell (1977) provide the only 
information on habitat use by frogs on Bribie Island, 
however the information provided by these authors 
is very limited (see species accounts below). 
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FIG. 1. Map of Bribie I. showing remnant native vegetation 
(light grey), urban areas (dark grey), pine plantations (hatch), 
other cleared areas (white) (Queensland Herbarium, 2011), 
the urban localities of Bongaree, White Patch and Woorim 
and the road network. 
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In this paper, we present a revised and annotated 
list of the frogs of Bribie I. that includes details of 
the distribution, relative abundance, habitat and 
natural history of the species known to occur there. 
For comparative purposes, we provide revised and 
updated lists of frog species for the other dune islands 
off Queensland’s southern coast. The information we 
provide on habitat, in particular data on the pH range 
of water bodies used by frogs on Bribie I. for breeding, 
adds significantly to the otherwise scant published 
information on habitat use and acid tolerance of frogs 
found in wallum habitat. 


MATERIALS AND METHODS 

DESCRIPTION OF MAIN STUDY AREA 

The geology of Bribie I. is predominantly fine- 
grained Pleistocene and Holocene quartz sand 
deposits, with some old estuarine deposits on the 
west coast (Willmott, 2004). The island has very low 
relief with a mean elevation of 5m and a maximum 
elevation of 17m above sea level (Harbison & Cox, 
1998; Armstrong & Cox, 2002). It is approximately 
32km long and 8km at its widest point and 1s 14 300ha 
in area. The main topographic features are two low, 
long dunes (beach ridges) separated by a swale, 
running parallel to the current ocean shoreline. The 
island is bounded to the east by the Coral Sea and to 
the southeast by Moreton Bay. A narrow and shallow 
strait (Pumicestone Passage) separates Bribie I. from 
the mainland. It has a subtropical climate with warm, 
wet summers, significant autumn rainfall and cooler, 
drier conditions in winter and spring. The mean 
annual rainfall for Bribie I. is 1358mm; monthly 
rainfall totals are highest in February (mean = 
181mm) and lowest in September (mean = 42.4mm) 
(Bureau of Meteorology, 2011; Station 040027, 
Bongaree Bowls Club, 1931-1990). 


European settlement of Bribie I. began in earnest 
from the early 1900s at Bongaree (Figure 1) and, 
following the opening of the road bridge from the 
mainland in 1963, there was a rapid increase in 
urbanisation (Horton, 1983). There are currently 
two main areas of urbanisation on Bribie I., the 
most extensive of these lies in the south-west of 
the island and includes the suburbs of White Patch, 
Banksia Beach, Bellara and Bongaree. The second 
area 1s on the south-east coast at Woorim. The main 
road connecting the two urban areas is First Ave, 
which runs east-west across the far southern end of 
Bribie I. (Figure 1). Urbanisation of the southern 
part of the island has led to the establishment of a 
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FIG. 2. The distribution of frog records on Bribie I. Queensland 
Museum specimen records are shown as asterisks, sightings 
from the WildNet database as open circles with crosses; 
and observations by the authors as closed circles. Note that 
records from the Queensland Museum and WildNet databases 
may be of low geographical precision/accuracy. The urban 
area is shaded dark grey and Bribie Island National Park 
is shaded light grey. Note that some areas mapped by the 
Queensland Herbarium (2011) as plantation (see Figure 1) 
are now included within national park. Areas shown in white 
are other tenures, mostly state forest. 


light industrial area, wastewater treatment plant and 
infiltration area, drinking water extraction bores 
and trenches, golf courses and other recreational 
facilities. The central parts of the island were cleared 
extensively from the 1960s for the establishment of 
exotic pine (Pinus species) plantations. Significant 
areas of remnant native vegetation remain, although 
these have been somewhat fragmented by the 
development of urban areas and pine plantations 
(Figure 1). Most remnant vegetation on the island is 
now within Bribie Island National Park, which also 
includes some areas previously grazed by cattle or 
cleared for pine plantations (Figure 2). 


White Patch 





FIG. 3. Map of Bribie I. showing the location and extent 
of clearing of palustrine regional ecosystems (Queensland 
Herbarium, 2011) as defined by DERM (2010). Areas in 
light grey are remnant palustrine regional ecosystems, 
while those in dark grey are areas of palustrine regional 
ecosystems that have been cleared (mostly for pine 
plantation and urban development — see Figure 1). Areas 
shown as white are non-palustrine pre-clearing regional 
ecosystems (Queensland Herbarium, 2011). 


Palustrine wetlands are abundant on Bribie I. with 
much of the island covered by shallow depressions 
ranging in size from several metres to tens of metres. 
These depressions occur as minor swales contained 
within the larger beach ridge system and receive 
water discharged from beach ridges (Armstrong 
& Cox, 2002). Rainwater can also accumulate in 
depressions where clays and organic silts form a more 
impervious layer. Rainwater collecting above such an 
impervious layer may remain for extended periods 
following significant precipitation (Harbison & Cox, 
1998: Armstrong & Cox, 2002). Most of the remnant 
vegetation on the island is classed as palustrine regional 
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ecosystem (RE) (Queensland Herbarium, 2011) as 
defined by DERM (2010) (Figure 3). The principal 
palustrine REs on the island are: 12.2.7 - Melaleuca 
quinquenervia open forest to woodland on sand plains; 
12.2.12 - closed heath on seasonally waterlogged sand 
plains; 12.2.15 - swamps with Baumea spp., Juncus 
spp. and Lepironia articulata, 12.3.5 - Melaleuca 
quinquenervia open forest on coastal alluvium; 12.3.6 
- Melaleuca quinquenervia, Eucalyptus tereticornis, 
Lophostemon suaveolens woodland on coastal alluvial 
plains (Queensland Herbarium, 2011). 


Surface waters in these areas are generally of low 
turbidity, have similar ionic chemical ratios as local 
rainwater except that they are darkly stained and contain 
an abundance of organic acids and dissolved organic 
carbon from the decomposition of fallen leaf litter. As 
such the pH of these water bodies is typically <4.5 
(Harbison & Cox, 1998; Armstrong, 2000; Armstrong 
& Cox, 2002). This in contrast to the fresh to brackish 
coastal lagoons in the south and east of Bribie I. where 
waters are generally less dilute and less acidic (up to 
pH 6.4) (Armstrong, 2000; SEQ Catchments unpub. 
data; Meyer, unpub. data). Surface waters in disturbed 
or artificially-created wetlands (e.g., dams, backyard 
ponds, drainage ditches and natural wetlands affected 
by run-off from urban, industrial or recreational areas) 
are also typically less acidic (pH>5.0), less heavily 
tannin-stained and often, more turbid (Meyer, 2004; 
Meyer, unpub. data). 


COMPILATION OF SPECIES LISTS 

Frog species lists for each of the dune islands off 
Queensland’s southern coast were compiled or 
updated using information from various sources. 
The main source was our unpublished dataset 
from surveys and monitoring undertaken on dune 
islands, particularly Bribie I., spanning the period 
since 1996. Other significant sources of information 
included various literature, the Queensland Museum 
collection and WildNet database as detailed below. 
Key published accounts referred to include: a) 
Ingram & Corben’s (1975) treatise on the frogs of 
North Stradbroke I. that also lists frogs from other 
dune islands, b) Barry & Campbell’s (1977) account 
of the fauna of Fraser I., which also includes lists 
from other dune islands and Cooloola, and c) the 
published list of mammals and herptiles from Bribie 
I. (Barry, 1984). Other useful publications included 
Hines et al. (1999) and the taxonomic papers referred 
to below. Historical information on the occurrence of 
frog species on dune islands was also sourced from 
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the unpublished PhD thesis of Straughan (1966). 
Data from the Queensland Museum specimen register 
and the Department of Environment and Resource 
Management’s WildNet database were extracted in 
March 2011 using latitude/longitude ‘rectangles’ 
encompassing each island. The locality details of the 
records returned from these searches were used to 
exclude records that were not from the island, 1.e. 
records from the adjacent mainland that fell within 
the search rectangle or records from elsewhere that 
were incorrectly georeferenced. 


There have been many taxonomic and nomenclatural 
changes affecting past records of frogs from dune 
islands. Ingram & Corben (1975) and Barry (1984), 
for example, refer to the genus Ranidella but this is 
now synonymised with Crinia (Frost, 2011; Read et 
al., 2001). Limnodynastes ornatus is now known as 
Platyplectrum ornatum, Bufo marinus is now known 
as Rhinella marina, and species previously assigned 
to the genus Hy/a (e.g. Straughan, 1966) are now in 
the genus Litoria (see Frost, 2011 for discussion). 
Meanwhile, records of Pseudophryne sp. in Ingram & 
Corben (1975) have since been included in P. major 
(see for example Ingram & Raven, 1991; Queensland 
Museum register). Uperoleia laevigata has been 
revised and specimens previously assigned to it from 
North Stradbroke I. (e.g. Ingram & Corben, 1975), 
Moreton I. and the sand masses of Cooloola are now 
considered to be U. fusca (Davies et al., 1986). Davies 
& Littlejohn (1986) redescribed U. laevigata, but did 
not identify any specimens from coastal sand masses 
in south-east Queensland. We therefore consider 
records of U. laevigata from dune islands as being U. 
fusca. Queensland Museum specimen records shown 
in Ingram & Raven (1991) support this approach, 
as does the absence of any Queensland Museum 
specimens of U. /aevigata from dune islands. The 
taxon referred to as Litoria sp. nov. by Ingram & 
Corben (1975) and Barry & Campbell (1977) has been 
described as Litoria olongburensis (Liem & Ingram, 
1977). These changes in taxonomy and nomenclature 
have been incorporated into the species lists presented 
herein. 


Whilst compiling species lists for each dune island it 
became apparent that records of some frog species for 
some islands are questionable. Most of these records 
were from the largely unverified WildNet dataset, 
which contains data from a wide range of sources, 
some of which may be unreliable. It is the view of 
the authors that these records most likely represent 
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misidentification or errors in data management or 
reporting. We excluded these from our island lists 
in order to limit the number of potentially erroneous 
records published and to ensure robust comparisons 
between islands. A brief discussion of these records 
is provided below so that future workers are aware of 
potential identification issues and/or the need to collect 
voucher specimens or other evidence (e.g. photographs 
or call recordings) to confirm the presence of these 
species on the island. 


1. Single record of Adelotus brevis from North 
Stradbroke I. 

This record was first published by Ingram & Corben 
(1975) quoting the source as the unpublished PhD 
thesis of Straughan (1966). The only reference to A. 
brevis on North Stradbroke I. in Straughan’s thesis 
is on a map showing records of both A. brevis and 
Limnodynastes tasmaniensis (Figure 14, p. 79a). 
Though this map clearly shows a record of A. brevis 
near Dunwich on North Stradbroke I., there is no other 
mention of this or any other record of this species 
from North Stradbroke I. in Straughan’s thesis. 
Importantly, this map does not show any records of 
L. tasmaniensis from Dunwich, yet L. tasmaniensis 
from “Stradbroke Island” were used by Straughan in 
call discrimination tests (Table3, p. 22, thesis part 2). 
It therefore seems likely that the record of A. brevis 
in Straughan’s thesis is due to a typographical error 
and refers instead to L. tasmaniensis. 


2. Crinia parinsignifera records from Fraser, Bribie 
and North Stradbroke Is 

There are doubtful records (all from WildNet) of 
Crinia parinsignifera from three islands: one record 
each from Fraser and Bribie Is and two records 
from North Stradbroke I. Though widespread on 
the mainland, C. parinsignifera is generally scarce 
in undisturbed wallum habitat (Meyer et al., 2006; 
Meyer and Hines unpubl. data). Its occurrence 
in undisturbed wallum habitat, including intact 
wetland areas on Queensland’s dune islands 
therefore appears unlikely. While there is a record 
of this species from disturbed habitat on Bribie I., 
we have never recorded it there or from any other 
dune island. Given the highly similar calls and 
morphology of this species to C. tinnula (Meyer et 
al., 2004), the absence of voucher specimens and 
previously published records of this species from 
any of the aforementioned sand islands, we think it 
likely that records of this species from Queensland’s 
dune islands are erroneous. 


3. Crinia signifera records from Fraser and Bribie Is 
The only record of Crinia signifera from Fraser I. is 
from Barry & Campbell (1977): “Several specimens 
collected from the shores of Coomboo Lake, where it 
is common in sedge-swamp. Identified and retained 
by Liem (Shine, pers. comm.)”. According to 
Liem’s field register (copy held by HBH), R. Shine 
collected these five specimens (field numbers 5276- 
80) in January 1972. Searches of the Queensland 
Museum register could not locate specimens with 
these collection details. The Queensland Museum 
does however have five specimens of Crinia tinnula 
(registration numbers J62184-88) collected from 
“Fraser Island, Lake Coomboo” in January 1972 
by P. Ogilvie. The only other Crinia specimen in 
the Queensland Museum from that location is a C. 
tinnula (registration number J62889), collected 27 
November 1992. Lake Coomboo is an undisturbed 
acid lake in the centre of Fraser I. with abundant 
C. tinnula (R. Hobson pers. comm.). It is possible 
that the specimens referred to by Barry & Campbell 
(1977) are those currently lodged in the Queensland 
Museum as C. tinnula. In addition, it is most unlikely 
that C. signifera occurred at Lake Coomboo and not 
at any of the numerous similar wetlands elsewhere on 
Fraser Island. Thus, we do not include C. signifera in 
the list of frogs known from Fraser I. 


The only record of Crinia signifera from Bribie I. 
is a NatureSearch record sourced from WildNet. 
NatureSearch data include numerous records from 
inexperienced observers (i.e., members of the public) 
and it is unlikely that this record has been subject to 
any verification. As there are no other records of this 
species from the island, we do not include C. signifera 
in the list of frogs known from Bribie I. 


4. Limnodynastes tasmaniensis record from Bribie I. 

WildNet contains a single unverified record of 
Limnodynastes tasmaniensis from Bribie I. As neither 
we nor Barry (1984) encountered this species during 
surveys of the island and there are no other verifiable 
records of this species on Bribie I., we do not include 
it in the list of frogs currently known from the island. 


5. Records of Litoria latopalmata, L. rubella and 
Pseudophryne raveni from North Stradbroke I. 
There are single records each of Litoria latopalmata, 
L. rubella and Pseudophryne raveni from North 
Stradbroke I. in WildNet, which appear questionable. 
All three of these species are easy to detect, so it seems 
most unusual that they should only be recorded the 
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once from this island. While it is possible that these are 
one-off records of accidentally translocated individuals, 
there is no way of confirming the validity of these 
records, so we have not added them to those species 
previously listed by Ingram & Corben (1975). 


INFORMATION SOURCES FOR THE 
ANNOTATED LIST 

Information on the distribution, abundance, habitat 
and natural history of frogs in the annotated list of 
Bribie I. frogs is based largely on unpublished data 
from field work carried out by the authors from late 
1996 through to July 2011 including: a) opportunistic 
surveys targeting wetland areas, b) dip-net surveys 
for tadpoles undertaken as part of a PhD study by 
EM (Meyer, 2004), and c) a wetland inventory and 
monitoring project in conjunction with Bribie Island 
Environmental Protection Association (BIEPA). 
Frog populations were monitored at four undisturbed 
wallum sites in the south of Bribie Island National 
Park between August 2009 and July 2011. We have 
undertaken fieldwork across all seasons (see Table 
2), with over 40 visits to Bribie I. since November 
1996. Months with the highest frequency of visitation 
include February, July, August and November. 


Information collected during surveys included 
water pH measurements made at breeding sites 
using a calibrated Hanna Instruments™ portable 
pH microcomputer with automatic temperature 
compensation. Alan Kerr of BIEPA provided 
additional water pH data from frog breeding areas 
in the south of Bribie Island National Park. These 
data were collected in the field over the period 
2009-2011 using either a U-10 or B211 Horiba™ 
portable pH probe. Opportunistic surveys targeting 
frogs were mostly carried out after rain in spring, 
summer, and autumn. Frogs encountered during 
the study were identified to species level based on 
calls and/or morphology. Morphological characters 
used to identify tadpoles included colouration, 
pattern, tail shape, and body size, position of 
the eyes and labial tooth row formula. Wherever 
possible, tadpoles were identified in the field, 
but those that could not be identified were reared 
through to metamorphosis. Voucher specimens 
of 14 species were retained and will be lodged 
with the Queensland Museum. Density estimates 
presented in this paper were derived from visual 
and aural census data from four monitoring sites 
located in natural palustrine wetlands in the south 
of Bribie Island National Park. 
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Additional information on the occurrence and 
distribution of species on Bribie I. used to compile 
the annotated list of Bribie I. frogs was obtained from 
the sources described for the compilation of the dune 
island lists. Figure 2 shows the distribution of frog 
records available for Bribie I. giving an indication of 
the extent of survey coverage on the island. 


RESULTS 

DIVERSITY OF DUNE ISLAND FROGS 

Since commencing surveys in 1996, we have 
recorded 15 frog species from Bribie I. including 
two species not previously recorded from the 
island. With the addition of Litoria peronii (the one 
species included in Barry’s (1984) list of Bribie 
I. frogs that we did not encounter on the island), 
this brings the total number of species known from 
Bribie I. to 16 (Table 1). This is the same number 
of frog species currently known from Fraser and 
North Stradbroke Is (see Table 1 for details). In 
terms of species composition, Bribie Island’s frog 
fauna is most similar to that of North Stradbroke 
and Fraser Is. Differences between the frog 
fauna of these islands include: (1) the presence 
of Platyplectrum ornatum on Bribie I. (the only 
dune island from which this species is known), 
(2) the apparent absence of Litoria cooloolensis 
from Bribie I., (3) the apparent absence of Litoria 
tyleri from Fraser and North Stradbroke I., (4) the 
apparent absence of Uperoleia fusca from Bribie I. 
and (5) the absence of Mixophyes fasciolatus from 
Bribie and North Stradbroke Is. 


While similar to that of North Stradbroke I., the 
frog fauna of Moreton I. differs somewhat from that 
of Bribie and Fraser Is. Differences between the 
frog fauna of these islands however are slight when 
compared with South Stradbroke I., the most species- 
depauperate of Queensland’s dune islands (Table 1). 


ANNOTATED LIST OF SPECIES FOR BRIBIE I. 
In the following list specimen registration numbers 
from the Queensland Museum register (QM) precede 
literature records (Lit.), records from WildNet (WN), 
followed by observations and notes by the authors 
(Aut.). As WildNet includes the lists of Barry & 
Campbell (1977) and Barry (1984), these records 
were excluded from the WN annotations to avoid 
duplication. BINP = Bribie Island National Park. 
In the following accounts, periods of “breeding 
activity” were inferred from the presence of breeding 
aggregations, spawn or early stage larvae. 
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TABLE 1. Frog species recorded on Queensland’s dune islands. An ‘S’ denotes that one or more voucher specimens from an 
island are lodged with the Queensland Museum (as at March 2011). A ‘P’ indicates the first voucher specimens for the island 
have been collected by the authors and are pending lodgement with the Queensland Museum. A ‘*’ indicates that there are 
other confirmed records of a species from the island. Numbers in parentheses in the total row represent the number of species 
for which there are specimen-based records. The ‘Qld status’ column indicates the legislative status under the Queensland 
Nature Conservation Act 1992: ‘LC’ — least concern, ‘NT’ — near threatened and *V’ — vulnerable (*Litoria olongburensis 1s 
also listed as vulnerable under the Commonwealth Environment Protection and Biodiversity Conservation Act 1999). An ‘T 
indicates the species was introduced to Australia. 


Species 


Crinia signifera 

Crinia tinnula 
Limnodynastes peronii 
Limnodynastes tasmaniensis 
Limnodynastes terraereginae 
Litoria caerulea 
Litoria cooloolensis 
Litoria fallax 

Litoria freycineti 
Litoria gracilenta 
Litoria nasuta 

Litoria olongburensis 
Litoria peronii 

Litoria rubella 

Litoria tyleri 
Mixophyes fasciolatus 
Platyplectrum ornatum 
Pseudophryne major 
Pseudophryne raveni 
Rhinella marina 
Uperoleia fusca 


Total 
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1. Wallum froglet Crinia tinnula one record south of First Ave. Aut.: Widely distributed 
Lit.: Straughan & Main (1966, p. 20); Ingram & — on Bribie I. with numerous records north of First Ave. 
Corben (1975, p. 52); Barry & Campbell (1977, p.  Crinia tinnula was associated mainly with ephemeral 
162), in creeks and lakes; Barry (1984). WN: Records __ palustrine wetlands, and was commonly found in areas 
from 13 sites across the island, 1980-2008, with only of wetheath, sedgeland, as well as Melaleuca woodland 
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TABLE 2. Survey effort by the authors at Bribie I., indicating which months and years fieldwork was undertaken. 
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and open forest. On Bribie L., C. tinnula was also found 
in undisturbed and, occasionally, moderately disturbed 
vegetation abutting pine plantations. Dispersing or non- 
breeding animals were also recorded in open eucalypt 
forest and Banksia woodland. During dry periods, 
individuals were found sheltering down crayfish burrows 
as well as underneath fallen bark and leaf litter. Though 
principally terrestrial, we observed many individuals 
perched low in sedges and bungwall fern (Blechnum 
indicum), 50cm or higher above the surface of the ground 
or water, with one individual estimated to be as high as 
120cm up. On Bribie I, breeding aggregations of this 
species were more commonly associated with ephemeral 
water bodies including sedge and Melaleuca swamps, 
drainage ditches and gutters adjacent to unsealed vehicle 
tracks. Breeding aggregations numbering many tens to 
hundreds of individuals were common on Bribie I., with 
numbers of calling animals higher in areas with mid- 
dense to dense ground cover comprising sedges and or 
Blechnum indicum. Calls were heard in every month, with 
breeding activity observed in spring, summer, autumn 
and winter. Normally developing larvae of C. tinnula 
were recorded in acidic tannin-stained waters of pH 3.2 
— 5.0. Larvae of C. tinnula were found sympatric with 
larval Limnodynastes terraereginae, Litoria caerulea, L. 
Jrevcineti, L. nasuta, and L. olongburensis. 


2. Striped marshfrog Limnodynastes peronii 

WN: Records from two sites in the disturbed southern 
end of the island, 1992 and 1993. Aut.: Recorded from 
several sites, across the island, associated primarily 
with disturbed wallum habitat with altered hydrology 
(e.g., disturbed wetland abutting an industrial estate, 


roadside gutters), areas with occasional seawater 
intrusion (e.g. eastern lagoons), or wetlands on 
estuarine sediments (e.g. Lighthouse Reach area). On 
Bribie I., Limnodynastes peronii was only recorded 
breeding in waters pH 5.0 — 6.0. 


3. Scarlet sided pobblebonk 
terraereginae 

Lit.: Barry (1984). WN: Records from five sites, 1992- 
2008. Aut.: Scattered records, typically associated 
with ephemeral paperbark (Melaleuca quinquenervia) 
wetlands. Breeding activity was observed in spring 
and autumn. Larval L. terraereginae were recorded in 
tannin-stained waters pH 3.0 — 4.6. On Bribie I., larvae 
of this species were found sympatric with C. tinnula, 
Litoria olongburensis and Litoria tyleri larvae. 


Limnodynastes 


4. Common green treefrog Litoria caerulea 

WN: Single urban record, 1993. Aut.: Recorded from 
11 sites, mostly from disturbed wallum habitat in 
the south of Bribie I. within or in close proximity to 
urban areas. Recorded breeding in flooded yards and 
ephemeral pools alongside vehicular access tracks 
through heath, Banksia woodland and open eucalypt 
forest. Breeding aggregations numbering 5-10 animals 
were recorded after summer rains. On Bribie I., larval 
L. caerulea were recorded in waters > pH 5.0 sympatric 
with larvae of Crinia tinnula and Litoria nasuta. 


5. Eastern sedgefrog Litoria fallax 

QM: J54681-5. Lit.: Ingram & Corben (1975, p. 
52); James & Moritz (2000, p. 358), who collected 
the series of voucher specimens lodged at the QM 
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(J54681-5); Barry & Campbell (1977, p. 162), in 
freshwater swamps; Barry (1984). WN: Records 
from three sites, 1980 and 1982. Aut.: Recorded 
from a number of sites across the island. Associated 
with permanent and ephemeral palustrine wetlands 
including disturbed Melaleuca wetlands, excavated/ 
artificial ponds and dams, drainage ditches, gutters 
and coastal freshwater lagoons. Most abundant in 
disturbed or man-made wetlands. Generally scarce in 
undisturbed wallum, with most records from wetland 
habitat significantly impacted by human activities 
such as urban development, sewage treatment and 
forestry activity. Recorded in undisturbed habitat 
only in close proximity to wetland areas impacted by 
human activities. At monitoring sites in undisturbed 
wallum, Litoria fallax were rarely if ever recorded 
except after heavy rains and extensive flooding of 
wetland areas. Male L. fallax were heard calling from 
November through to March as well as July, August 
and September. Breeding was recorded only in 
summer. Larval L. fallax were found in areas of semi- 
permanent water measuring pH 5.0 — 6.0. On Bribie 
I., larvae of L. fallax were found sympatric with the 
introduced mosquitofish (Gambusia holbrooki), even 
where these occurred at very high densities. 


6. Wallum rocketfrog Litoria freycineti 

QM: J37952-3. Lit.: Straughan (1966, p. 148a); 
Ingram & Corben (1975, p. 52); Barry & Campbell 
(1977, p. 162), in freshwater swamps; Barry (1984). 
WN: Records from eight sites, all north of First Ave, 
from 1980-2008. Aut.: Scattered records, all north of 
First Ave, often within or in close proximity to remnant 
vegetation. Primarily associated with ephemeral 
palustrine wetlands. Recorded in sedgeland, Melaleuca 
forest/woodland and wet heath. Non-breeding or 
dispersing animals were also recorded from Banksia 
woodland and open eucalypt forest adjoining wetland 
areas. While largely terrestrial, non-breeding animals 
were found clambering over matted vegetation in 
Melaleuca and sedge swamps. On Bribie I., breeding 
aggregations of this species were typically associated 
with areas of shallow open water with sparse sedge or 
mid-dense cover. This included the disturbed margins 
of ephemeral freshwater wetlands and, less commonly, 
shallow gutters and borrow pits adjacent to unsealed 
access tracks. Breeding activity was observed in spring 
and summer. On Bribie I., breeding aggregations 
of this species seldom numbered more than 10-15 
calling animals. Normally developing embryos and 
larvae of L. freycineti were recorded in acidic tannin- 
stained waters of pH 3.6 — 4.2. On Bribie I., larvae 


of L. freycineti were found sympatric with larval 
Crinia tinnula and Litoria olongburensis. Larvae of 
this species were rarely recorded sympatric with fish 
and only where native fish (e.g., Hypseleotris galii) 
occurred at very low densities. Rarely was L. freycineti 
found synchronosympatric (1.e., at the same time and 
at the same place) with Litoria nasuta. However, the 
two species did occupy the same habitat at different 
times. Where L. nasuta were present in numbers, L. 
Jreycineti were either very scarce or absent. 


7. Graceful treefrog Litoria gracilenta 

WN: Single record, 1993. Aut.: Relatively few 
records from Bribie I., with most records from 
disturbed wallum adjoining urban areas in the south 
of the island. A small number of calling animals were 
recorded from disturbed Melaleuca wetlands and 
adjoining open eucalypt forest after summer rains. 
Though occasionally heard calling from the treetops 
in undisturbed wallum, there was no evidence of L. 
gracilenta breeding in these habitats. On Bribie L., 
choruses of L. gracilenta were recorded in proximity 
to waters pH 5.3 — 6.0. 


8. Striped rocketfrog Litoria nasuta 

QM: J64897. Lit.: Barry & Campbell (1977, p. 162), 
in freshwater swamps; Barry (1984). WN: Single 
record, 1980. Aut.: Scattered records, most frequently 
in close proximity to urban or other disturbed areas, 
such as drains beside vehicular tracks. Found in 
association with ephemeral palustrine wetlands. 
Breeding aggregations were recorded in summer, 
with male frogs calling beside shallow water in 
partially cleared wallum (e.g., vehicular access tracks, 
and a sand quarry). Rarely recorded sympatric with 
L. freycineti (see notes under L. freycineti for more 
details). On Bribie I, larvae of this species were 
recorded in water measuring pH 5.0 — 5.2. 


9. Wallum sedgefrog Litoria olongburensis 

QM: J28229. Lit.: Liem & Ingram (1977, p. 260), 
referring to QM specimen J28229; Barry & Campbell 
(1977, p. 163), in open heath; Barry (1984). WN: Records 
from six sites, including several sites in the southern- 
central part of the island, 1980-2008. Aut.: Recorded 
from numerous sites in the south and centre of Bribie 
I. Most records were from undisturbed (i.e., remnant) 
vegetation, with no records from urban areas. Associated 
with ephemeral and semi-permanent palustrine wetlands 
within sedgeland, wet heath, and Melaleuca woodland 
with a well-developed understory of sedges and or 
Blechnum indicum. Except during extended dry periods, 
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L. olongburensis were most commonly found sitting out 
on emergent sedges and Blechnum indicum. In areas 
of wet heath fringing wetlands, reasonable numbers 
(1.e., tens of animals) were occasionally sitting out on 
Leptospermum. Dispersing or foraging animals were 
also recorded from Banksia woodland and open eucalypt 
forest bordering palustrine wetlands. Calling animals 
were heard in every month except April, with breeding 
recorded in spring, summer and autumn. Breeding 
aggregations numbering many tens of animals were 
common on Bribie I. During monitoring, L. olongburensis 
was recorded at densities as high as 181 individuals per 
100m? (visual counts within 50x2m transects). Normally 
developing embryos and larvae of this species were 
recorded in acidic tannin-stained waters ranging from 
pH 3.4—4.5. Only once were larvae recorded in waters > 
pH 4.5, when a fire caused a temporary rise in pH. Rarely 
was L. olongburensis recorded sympatric with Litoria 
fallax. Calling L. fallax were mostly recorded sympatric 
with L. olongburensis in or near disturbed wallum 
habitat, usually after flooding rains. Larvae of L. fallax 
were never found sympatric with larval L. olongburensis. 
Larval L. olongburensis were however found sympatric 
with Crinia tinnula, Limnodynastes terraereginae and 
Litoria tyleri larvae. Though often found with native fish 
(in particular Hypseleotris galii), larval L. olongburensis 
were rarely found sympatric with the introduced 
mosquitofish (Gambusia holbrooki). While associated 
mainly with undisturbed wallum, L. olongburensis was 
recorded breeding in wetlands bisected and or bordered 
by unsealed vehicular tracks. 


10. Emerald spotted treefrog Litoria peronii 

Lit.: Barry (1984). WN: Records from one observer 
from three sites in close proximity, towards the centre 
of the island, 15/09/2008. Aut.: This is the only 
species of frog recorded from Bribie I. for which 
we have no records. In our experience, this species 
is typically associated with larger lakes in coastal 
wallum. With no large lakes present on Bribie I., and 
significant potential for confusion with Litoria tyleri 
(a closely related species present on Bribie. I. with 
similar appearance and calls to Litoria peronii), we 
think it unlikely this species occurs on Bribie I. 


11. Ruddy treefrog Litoria rubella 

Aut.: Recorded from six sites within or adjacent 
to urban areas. Observed breeding in low numbers 
in shallow water on and immediately adjacent 
vehicular access tracks through Melaleuca wetland 
and Banksia woodland. Recorded breeding in waters 
ranging in pH from 5.4 — 5.5. 
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12. Laughing treefrog Litoria tyleri 

Lit.: Barry (1984). Aut.: Scattered records, mostly 
associated with Melaleuca wetlands and, less 
commonly, sedge swamps with scattered emergent 
Melaleuca. Recorded breeding in waters ranging from 
pH 4.0 — 5.0. Larvae found sympatric with larvae of 
Crinia tinnula and Litoria olongburensis. 


13. Ornate burrowing frog Platyplectrum ornatum 
QM: J29257. Lit.: Barry & Campbell (1977, p. 162), 
in disturbed areas; Barry (1984). WN: Single urban 
record from far south of island, 2001. Aut.: Only 
observed near the sand quarry on McMahon Road, in 
the south of the island. Breeding not recorded. 


14. Great brown broodfrog Pseudophryne major 
Aut.: A small population recorded from a drain beside 
McMahon Road adjoining wallum heath in the far 
south of BINP. Heard calling in May and June 2010, 
with eggs observed in May 2010 in moist sand beside 
a shallow water body with pH 6.3 water. 


15. Copper backed broodfrog Pseudophryne raveni 
WN: Single record from beside sports ground, 1993. 
Aut.: Recorded from two sites adjoining urban areas in 
the south of Bribie I., one with Melaleuca and Corymbia 
woodland grading to low Banksia woodland, the other 
with regrowth Melaleuca and a mixed understory 
comprising Hakea and sedges. Also recorded from 
two sites in the north, from mixed Lophostemon — 
Eucalyptus woodland where water pH >4.8. 


16. Cane toad Rhinella marina 

Introduced to Bribie I. Lit.: Barry & Campbell (1977, 
p. 163), in open forest, closed scrub, low woodland, 
closed heath, open heath, freshwater swamps, and 
creeks and lakes; Barry (1984). WN: Records from 
11 sites, 1992-2003. Aut.: Adults and or larvae were 
observed at numerous locations in a wide range of 
habitats. Adults were commonly observed along 
vehicular tracks and roads, with roadside drains 
used as breeding sites. Individuals were only very 
rarely observed in undisturbed wallum. Breeding was 
recorded in spring and summer in disturbed wallum 
habitat with waters pH 4.8 — 6.0. 


DISCUSSION 
With the current synthesis and review, the total number 
of native frog species confirmed from Bribie I. stands 
at 15 or 50% more than the total number reported for 
Bribie I. by Barry (1984). In terms of species richness 
and composition, Bribie Island’s frog fauna is more 
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similar to that of North Stradbroke and Fraser Is than 
Moreton and South Stradbroke Is, with the latter 
supporting many fewer frog species (1.e., 10 and 9 
species, respectively). The similarity of Bribie, North 
Stradbroke and Fraser Is faunas may be explained by 
the greater extent of wetland habitat on these islands. 
The frog fauna of South Stradbroke I., the smallest of 
Queensland’s dune islands, differs markedly from that of 
all other dune islands due to the apparent absence of acid 
frog species. The absence of these species is surprising 
given the proximity to, and recent connectivity with, 
North Stradbroke I. (last joined in the late 19" century 
(McCauley & Tomlinson 2006)), where all four species 
(Crinia tinnula, Litoria cooloolensis, L. freycineti and 
L. olongburensis) appear to be widely distributed. The 
reason(s) why acid frogs have not been recorded from 
South Stradbroke I. are unclear. 


Overall, 21 frog species (including the introduced 
cane toad, R. marina) have been recorded from dune 
islands off the southern Queensland coast. While 
high compared with other parts of Australia, this 
number is significantly less than the number recorded 
from near-coastal parts of adjacent mainland south- 
east Queensland (approximately 35 species). This 
discrepancy can be explained in part by the absence of 
suitable habitat for mainland species favouring areas 
of clay soil (e.g., Cyclorana spp and Limnodynastes 
salmini) and rocky wet forest stream habitat (e.g., 
Litoria wilcoxii and Litoria pearsoniana). The 
absence of several lowland, habitat generalist 
species from dune islands (e.g., Litoria inermis, 
Litoria latopalmata and Litoria rothii), however, 
may be related to historical patterns of connectivity 
between dune islands and the mainland (see Barry 
& Campbell, 1977; Covacevich & Ingram, 1975) or, 
alternatively, limited tolerance of dilute acidic waters 
characteristic of the wallum (see below for details). 


Amongstthe frog species recorded from Bribie I. are 
three acid frog species listed as vulnerable under the 
Queensland Nature Conservation Act 1992: Crinia 
tinnula, Litoria freycineti and L. olongburensis, 
with the latter also listed as vulnerable under the 
federal Environment Protection and Biodiversity 
Conservation Act 1999. Our observations show 
that Bribie I. supports significant populations of 
these species, with densities of L. olongburensis 
comparable to the highest densities reported by 
Lewis & Goldingay (2005) in New South Wales 
(circa 150 individuals per 100 m/? transect). On 
Bribie I., and more broadly across the range of 


these species, protection of undisturbed wallum 
wetlands is critical to the conservation of acid 
frogs (Meyer et al., 2006). 


On Bribie I., as elsewhere in the wallum, acid frog 
species are seldom found sympatric with sibling 
species (closely related, morphologically similar 
but reproductively isolated species) other than 
in or near areas of disturbed habitat. The general 
absence of sibling species (i.e., Litoria fallax, 
Crinia parinsignifera, Crinia deserticola, Litoria 
nasuta and Litoria latopalmata) in undisturbed 
wallum may be explained, in part at least, by the 
normally acidic nature of wallum waters (Ingram & 
Corben, 1975). In the wallum, waters are generally 
dilute and poorly buffered (Bensink & Burton, 
1975). Dissolved organic acids leached from 
decomposing vegetation and organic hardpans 
underlying ‘perched’ wetlands therefore have a 
strong acidifying effect, lowering the pH of water. 
For this reason, the pH of naturally occurring 
surface water in the wallum is commonly 4.5 or 
less, with surface waters sometimes as low as pH 
3.0 (Bensink & Burton, 1975; Harbison & Cox, 
1998; Meyer, 2004). Laboratory and field studies 
(reviewed by Freda, 1986) show waters of such 
low pH are toxic to embryos and larvae of most 
amphibian species (Freda, 1986), inhibiting larval 
growth and development, causing developmental 
abnormalities (e.g., spinal curvature), and or 
killing embryos and larvae outright. The toxicity 
of acid waters to amphibian embryos and larvae, 
moreover, is exacerbated in dilute waters where 
calcium is scarce (Freda, 1986). For these reasons, 
waters in undisturbed wallum are likely to limit 
successful reproduction in acid-sensitive species 
For most amphibian species, exposure to 
dilute waters of pH 4.0 or less are likely to kill 
developing embryos and hatchling larvae (see 
Freda, 1986). Yet on Bribie I., Crinia tinnula, 
Litoria freycineti and L. olongburensis breed 
readily in waters pH 3.5 and less. On Bribie [I., 
Limnodynastes terraereginae demonstrates even 
greater tolerance to dilute waters of low pH, with 
larvae recorded in waters as acidic as pH 3.0. As 
such, L. terraereginae ranks amongst the most 
acid tolerant of vertebrate species known (Meyer, 
2004). Unpublished data from laboratory toxicity 
trials suggest this remarkable tolerance is the 
result of local adaptation, with populations of L. 
terraereginae outside of the wallum significantly 
less tolerant of acidic waters (Meyer, 2004). 
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In contrast with acid frog species and L. terraereginae, 
larvae of sibling species were not recorded in waters 
more acidic than pH 5.0, suggesting greater sensitivity 
to low pH — a hypothesis supported by unpublished 
data in Straughan (1966) and Meyer (2004). Parapatry 
between acid frog and sibling species in undisturbed 
wallum habitat may therefore be explained, at least 
partly, by differences in the tolerance of embryos 
and larvae of these species to waters of low pH (as 
originally hypothesised by Ingram & Corben, 1975). 
The association of other species common on the 
adjacent mainland (e.g., Litoria caerulea, L. rubella 
and Limnodynastes peronii) with less acidic habitat 
on Bribie I. (1.e., disturbed wetlands, artificial water 
bodies, roadside gutters and coastal lagoons) may 
likewise be hypothesised to be due to lower tolerance 
of these species to dilute acidic waters typical of less 
disturbed wallum habitat. 


With ongoing habitat loss, fragmentation and 
degradation of wallum habitat in mainland areas, 
protection of undisturbed wallum wetlands on dune 
islands is increasingly important for the long-term 
conservation of acid frogs (Ingram & McDonald, 
1993: Hero et al., 2000; Hines et al., 1999; Meyer et 
al., 2006). On Bribie I., there has been substantial loss 
and fragmentation of habitat through the development 
of exotic pine plantations, urbanisation and associated 
infrastructure (Figure 1). The vast majority of native 
vegetation cleared on Bribie I. comprised regional 
ecosystems identified as, or containing, palustrine 
wetlands (Queensland Herbarium, 2010) (Figure 3). 
Despite the recent expansion in the area of national 
park on the island, degradation of wallum wetlands 
in proximity to plantation, urban and _ industrial 
areas and roads is likely to continue. Of particular 
concern in this regard are nutrient enrichment of the 
normally oligotrophic wallum waters and increases 
in water pH due to altered run-off. These changes to 
water chemistry allow the proliferation of non-acid 
adapted frog species, which appear to outcompete 
acid frogs in these disturbed wetlands (Ingram & 
Corben, 1975). Changes to hydroperiod, through 
either increased stormwater runoff or draining of 
wetland areas (Armstrong & Cox, 2002), may also 
pose a threat to frog species on Bribie I. An additional 
concern is the increased extraction of groundwater 
on Bribie I. through unregulated domestic bores 
and the development of a bore field on the island in 
2006 as part of the SEQ Water Grid (Queensland 
Water Commission, 2010). Such extraction has 
the potential to affect the periodicity and duration 
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of wetland inundation and therefore the ability of 
frogs to reproduce. More worrying is the potential 
for seawater intrusion into the freshwater aquifer 
with excessive groundwater extraction, particularly 
when coupled with predicted sea level rises because 
of climate change (Armstrong & Cox, 2002; Meyer 
et al., 2006). Exotic fish also represent a significant 
threat to the frogs of Bribie I., with the mosquitofish 
(Gambusia holbrooki), a known predator of frog 
spawn and larvae (Gillespie & Hero, 1999; Meyer et 
al. 2006), well established on the island, particularly 
in disturbed wetlands. The spread of this and/or other 
exotic fish species to acid frog breeding habitat is 
therefore of some concern. 


Although the data presented here add significantly 
to current knowledge of the frog fauna of Bribie 
and other dune islands, much remains to be learned 
about the fauna of these islands. In the case of Bribie 
I., knowledge of the distribution and abundance of 
frog species may be improved with further targeted 
surveys in the north and west of the island (see Figure 
2). Additional survey work, moreover, could turn up 
additional frog species, known from other dune islands 
but not yet recorded from Bribie I. (e.g., Uperoleia 
fusca). Further survey work on less well surveyed 
islands such as Moreton and South Stradbroke would 
also improve knowledge of the frog fauna of these sand 
islands. Additional targeted surveys on these and other 
dune islands would also be useful for further assessing 
the validity of records of species for which there are 
a few unsubstantiated (i.e. specimen-backed) records 
(such as Adelotus brevis, Crinia parinsignifera and 
Litoria latopalmata). 
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Documented information about the water mouse Xeromys myoides on Bribie Island is limited to a 1984 
Queensland Museum specimen with inaccurate location details and to nests discovered in 1999 at two 
intertidal localities on the island’s west coast. The aim of the current work was to improve the existing 
distributional and ecological information about X. myoides on Bribie Island by: a) revisiting one of the 
previous nesting localities to determine whether the species and its nests were still present, b) obtaining 
site and habitat details for the 1984 specimen record from zoologists with knowledge of the original 
capture, and c) conducting a targeted survey of a subset of lagoons on the island’s eastern coast. Six 
active X. myoides nests were found during the re-inspection of the western intertidal site, confirming 
the persistence of the species there. Two of these nests had been identified more than a decade earlier, 
demonstrating the longevity of some nest structures of this species. Investigations revealed that the 
island’s first X. myoides record was from an ephemeral freshwater wetland behind the foredunes of 
the ocean beach, approximately 10 km north-west of Woorim. A second individual was trapped in the 
same area in 1985 but apparently not collected or otherwise documented. Surveys of three permanent, 
intermittently tidal, eastern lagoons yielded captures of two _X. myoides at one site among an overall 
total of five mammal species. Several introduced fauna species that may pose a threat to the water 
mouse were recorded during the project. The potential distribution of X. myoides and implications of 
the current findings for conservation management of the water mouse on Bribie Island are discussed. 
Key measures include preserving all areas of remnant mangrove and saltmarsh habitat, carefully 
regulating the rate of groundwater extraction to avoid harming freshwater and intertidal vegetation 
communities and protecting wetlands from the impacts of marine oil spills. 


Tan C. Gynther (lan.Gynther@derm.qld.gov.au), Threatened Species Partnerships, Queensland Parks 
and Wildlife Service, Department of Environment and Resource Management, PO Box 64, Bellbowrie 
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INTRODUCTION 

The water mouse Xeromys myoides has been 
recorded in saline and coastal freshwater habitats 
in Papua New Guinea, the Northern Territory and 
mid- and south-eastern Queensland (Hitchcock, 
1998: Gynther & Janetzki, 2008). Within this broad 
geographic range the species appears to be patchily 
distributed and nowhere is it particularly abundant 
(Gynther & Jantezki, 2008). Itis listed as ‘vulnerable’ 
under both the Commonwealth ‘Environment 
Protection and Biodiversity Conservation Act 1999’ 
and Queensland ‘Nature Conservation Act 1992’, 
and a national recovery plan for the species has 
been adopted (DERM, 201 1a). 


Atthe time of publication of the previous Royal Society 
of Queensland volume on south-eastern Queensland’s 
dune islands (Coleman et al., 1984), X. myoides was 
known from North Stradbroke Island (Van Dyck 
et al., 1979) and Cooloola (Dwyer et al., 1979) but 
not Bribie Island (Barry, 1984), although it had been 
discovered near Beerwah on the immediately adjacent 


mainland (Dwyer et al., 1979). Then, in late 1984, a 
trapped individual was donated to the Queensland 
Museum (JM4924) but with no collector details and 
the capture locality simply noted as “Bribie Island, 
3km N of P.O.”, placing this record in the southern 
inland part of the island. It was not until 1999 that 
the water mouse was again recorded on Bribie Island 
when nests belonging to this species were discovered 
at two intertidal (mangrove and saltmarsh) localities, 
White Patch and near Gallagher Point, on the island’s 
western shoreline (Van Dyck & Gynther, 2003). 


The south-eastern Queensland distribution of X. myoides 
is now known to span coastal areas from Round Hill 
Head in the north to South Stradbroke Island on the 
Gold Coast, with nationally significant populations 
occurring in the Ramsar-listed Great Sandy Strait and 
Moreton Bay, the latter including Pumicestone Passage 
between Bribie Island and the mainland (Van Dyck & 
Durbidge, 1992; Driscoll & Stewart, 1997; Van Dyck, 
1997; Burnham, 2002; Van Dyck & Gynther, 2003; 
DERM, 2011a). Despite this relatively rapid advance in 
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knowledge, no further light has been shed on the natural 
history of the species on Bribie Island. This aim of this 
study was to improve knowledge of the distribution and 
ecology of X. myoides on Bribie Island by assessing the 
continued occupancy of a known intertidal location, 
clarifying the source and habitat characteristics of 
the 1984 specimen record and conducting surveys in 
brackish and freshwater wetlands that represent new 
areas of potential habitat for the species. An additional 
aim was to identify conservation management issues 
for water mouse populations on the island. 


Caloundra 





FIG. 1. Map of Bribie Island and the adjacent mainland, showing 
the island’s four major eastern lagoons. The filled circle shows 
the intertidal study area near Gallagher Point at which Xeromys 
myoides nests were discovered in 1999 and again during this 
study; the filled triangle indicates the position of the QUT study 
area where Queensland Museum _X. myoides specimen JM4924 
was collected in 1984. Areas of urbanisation are shaded dark 
grey. Bribie Island National Park is shaded light grey. Only main 
roads are indicated. (GIS data sources: coastline — Australian 
Government Department of the Environment and Heritage, 
Reserve Systems Section, 2000; urbanisation — Australian 
Bureau of Statistics, 2007; main roads — Pitney Bowes MapInfo, 
2011; protected areas —-DERM, 2011; lagoons [1:25000 drainage 
network] — DERM, 2003.) 
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MATERIALS AND METHODS 

GENERAL STUDY AREA 

Bribie Island (centred on 26°59’S, 153°08’E) is a low- 
lying sand barrier island situated in northern Moreton 
Bay, about 65 km north of Brisbane, south-eastern 
Queensland. The island is approximately 143 km? in 
area (Harbison & Cox, 1998) and is separated from the 
mainland by the shallow, tidal Pumicestone Passage 
(Fig. 1). The climate is subtropical, with mean daily 
temperatures in the range of 15-29°C in summer and 
9-20°C in winter (Armstrong & Cox, 2002). Summer 
and autumn are the wettest months and winter and 
spring the driest. Between 1931 and 1990 mean 
annual rainfall at the southern township of Bongaree 
was 1358 mm (Bureau of Meteorology, 2011). 


The sedimentary geology, landforms and 
groundwater characteristics of Bribie Island are 
described in detail by Harbison & Cox (1998). The 
island consists predominantly of successive beach 
ridges with intervening swales and plains, and has a 
mean elevation above sea level of 5 m and maximum 
elevation of 14 m (Harbison & Cox, 2000). Rainfall 
directly infiltrates the porous sand sediments and 
serves to recharge the island’s extensive perched 
water table that lies in close proximity to the surface, 
even in elevated regions (Armstrong & Cox, 2002; 
Jackson, 2007). Surface water mostly occurs where 
this shallow water table intersects the ground surface 
in low-lying areas. As aresult, swales and lagoons, for 
example, are often discharge points for groundwater 
flow from beach ridge systems (Armstrong & Cox, 
2002). Several such low-lying lagoons that drain 
fresh groundwater from the surrounding landscape 
occur behind the foredunes on the eastern (ocean) 
beach. Although these are usually blocked by sand 
deposits or bars at their outlet points to the ocean 
(Harbison & Cox, 2000; Jackson, 2007), at times 
these bars are breached by high levels of groundwater 
outflow or wave overwash during high tides or 
storm surges, and so the lagoons contain water with 
variable salinity ranging from fresh to near-seawater 
values (Harbison & Cox, 2000; Armstrong & Cox, 
2002). The formation of the coastal lagoons ranges 
from simple, narrow channels (e.g., First Lagoon) 
to open expanses of water (e.g., Fourth Lagoon) or 
more complex systems with two or more drainage 
channels (e.g., Second and Third Lagoons). 


A summary of vegetation communities of Bribie 
Island is provided by McDonald & Elsol (1979), 
while Dowling (1979, 1986) describes and maps the 
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mangrove communities of Moreton Bay, including 
Bribie Island’s western coast along Pumicestone 
Passage. Briefly, littoral vegetation occurring in 
tidal areas comprises various mangrove associations, 
saltmarsh, Sporobolus virginicus closed-grassland 
and Casuarina glauca open-forest. Terrestrial 
vegetation communities are as follows: Melaleuca 
quinquenervia open-forest, woodland and low- 
woodland; Eucalyptus tereticornis - Melaleuca 
quinquenervia - Lophostemon suaveolens open- 
forest; Corymbia intermedia - Callitris columellaris 
- Banksia spp. open-forest, low open-forest and 
associated shrub communities; Eucalyptus racemosa 
- Corymbia intermedia open-forest and woodland; 
Banksia aemula low-woodland; and open-heath and 
sedgeland (McDonald & Elsol, 1979). Numerous 
swamps with aquatic vegetation such as Baumea 
spp., Juncus spp. and Lepironia articulata also occur 
on the island (Queensland Herbarium, 2011). 


NEST SEARCHES IN INTERTIDAL AREAS 

Five water mouse nests were discovered during a 
March 1999 search of mangroves and saltmarsh 
areas near Gallagher Point (27°00’S, 153°06’E; 
Fig.1) on the island’s western shoreline (Van Dyck 
& Gynther, 2003). This area was re-inspected on 
the afternoon of 13 November 2009 when a two- 
hour non-exhaustive survey for X. myoides nest 
structures was conducted. The coordinates of the 
original nests were not used to guide the search. 
Nest searching techniques are described in detail 
by Van Dyck & Gynther (2003). Briefly, intertidal 
areas between the supralittoral bank (a vertical 
earth bank often present at the marine/terrestrial 
boundary) and the seaward edge of the mangroves 
were traversed on foot and inspected for signs of X. 
myoides presence (mud mounds, mud tracks, areas 
of daubing, access holes, discarded crab carapaces, 
etc.). Most search activity was concentrated around 
promontories or detached areas of high ground that 
supported terrestrial vegetation (with an overstorey 
of Casuarina glauca and Melaleuca quinquenervia) 
within surrounding intertidal areas. The littoral 
vegetation of these areas comprised various 
mangrove communities (shrubland, woodland and 
open-forest dominated by Avicennia marina, but 
with Aegiceras corniculatum and Ceriops tagal 
also present; Dowling, 1986) and some saltmarsh 
(predominantly comprising Sporobolus virginicus, 
the sedges Juncus kraussii and Baumea juncea, and 
chenopod low-shrubland). Other X. myoides nests 
were discovered by examining hollow tree trunks 


situated inside mangrove communities (1.e., while 
traversing between isolated areas of higher ground). 
A second brief visit to the Gallagher Point site 
was conducted to provide training in water mouse 
survey and nest recognition to members of the 
Bribie Island Environmental Protection Association 
(BIEPA) on 17 November 2009. An additional nest 
was discovered during this exercise. 


The location of all nest structures was recorded 
using a GPS (Garmin GPSmap76CSx). Each nest 
was photographed with a Nikon Coolpix SESO 
digital camera and relevant field notes made. 
Subsequently, GPS coordinates, photographs and 
notes taken by S. Van Dyck and the author in March 
1999 were re-examined to determine whether any 
of the recently discovered nests could be identified 
as those discovered during the initial survey. 


INVESTIGATION OF THE 1984 SPECIMEN 
RECORD 

Information about the single available water mouse 
specimen (JM4924) collected from Bribie Island in 
1984 was extracted from the Queensland Museum’s 
database. The hand-written specimen register was also 
consulted to locate any additional details recorded 
about this spirit specimen. The name of the collector 
was not noted in either the museum’s database or 
register, however, Steve Van Dyck (pers. comm.) 
recalled that the X. myoides individual was captured 
during a Queensland Institute of Technology (now 
Queensland University of Technology, referred to 
hereafter as QUT) student field program coordinated 
by the late Dr John Wilson. Consequently, various 
people known to have been Ecology staff or students 
at this institution during 1984 or the subsequent 
decade were contacted by email and telephone and 
questioned about their recollections of the X. myoides 
Specimen, its origin or any other relevant information. 
Details gleaned from these sources were used to guide 
the selection of sites for a targeted XY. myoides trapping 
program on Bribie Island. 


TARGETED SURVEYS 

To assist with choosing survey sites, a preliminary 
one-day reconnaissance trip to the permanent eastern 
lagoons was made on 5 July 2008, accompanied by 
Ian Bell and Alan Kerr (both of BIEPA) and Harry 
Hines (DERM). Briefly inspected were First Lagoon 
(also known as Freshwater Creek), Second (sometimes 
called South or Norfolk) Lagoon, Third (or Mermaid) 
Lagoon and Fourth (or Welsby) Lagoon (Fig. 1), as 
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TABLE 1. Details of surveys for Xeromys myoides at three eastern lagoons on Bribie Island. Coordinates are in GDA 94 and 
refer to the outlet point of each lagoon on the ocean beach. Trap Effort indicates number of Elliott trap-nights conducted at 
each location. 


Latitude (S) Longitude (E) — Trap Effort 


Third Lagoon 27°00’00” 153°10°02” 


18-20 August 2010 


Jesse Rowland 
Ben Nottidge 


Second Lagoon | 27°01°37” 153°10°48” 17-19 March 2010 IG 
Rowena Thomas 


Total 


well as Dingo Creek and a complex of freshwater 
swamps and lagoons known as Welsby South that 
has no outlet to the ocean beach. Habitat at each 
of the wetlands visited was examined, the salinity 
of each water body measured and the potential 
occurrence of X. myoides judged on the basis of 
existing knowledge. A more thorough inspection of 
Second, Third and Fourth Lagoons was undertaken 
by the author on 16 October 2009, while First 
Lagoon was re-visited on 13 November 2009. These 
subsequent visits provided additional detail of the 
range of wetland habitats present at each of the sites. 
This information, together with satellite (Google 
Earth) imagery of the area and the newly acquired 
details of the location and habitat in which the 1984 
specimen had been captured, enabled a subset of 
these permanent, eastern lagoons to be selected for a 
trapping program targeting the water mouse. 


Three of the above lagoons were chosen as trapping 
sites: First Lagoon, Second Lagoon and Third 
Lagoon, located 3.5 km, 5.2 km and 8.5 km north- 
west of Woorim township, respectively (Fig. 1). At 
each, a separate, two-night trapping survey for X. 
myoides was conducted. The lagoons were accessed 
by four-wheel drive vehicle using existing inland 
tracks or the eastern beach. 


A range of habitats was present at these lagoons 
but commonly the littoral area comprised a narrow 
band of Melaleuca quinquenervia woodland, with 
or without Casuarina glauca and Hibiscus tiliaceus, 
and an understorey variously including Acrostichum 
speciosum, Sesuvium portulacastrum, Sporobolus 
virginicus and the sedges or reeds Baumea 





First Lagoon 27°02’29” 153°11718” 14-16 April 2010 
Jesse Rowland 


juncea, Fimbristylis ferruginea, Juncus kraussii, 
Phragmites australis and Schoenus brevifolius. At 
Third Lagoon, a few stunted Avicennia marina with 
associated areas of pneumatophores were present 
near the northern end of the wetland. Occasional 
Excoecaria agallocha were noted here too. At the 
southern end of Second Lagoon, extensive stands 
of littoral marsh with shallow standing water 
were present and dominated by the same sedge or 
reed species listed above. Baumea juncea, Juncus 
kraussii and Phragmites australis also formed 
the understorey in an adjacent freshwater swamp 
forest dominated by M. quinquenervia. Similar M. 
quinquenervia wetlands also fringed parts of First 
and Third Lagoons. 


Commonly, the abutting terrestrial vegetation was 
mixed open-forest or woodland, typically comprising 
combinations of Allocasuarina littoralis, Callitris 
columellaris, Corymbia intermedia, C. tessellaris, 
Eucalyptus robusta, E. tereticornis and Lophostemon 
confertus, occasionally with Acacia spp. or Banksia 
integrifolia in the midstorey. In other areas closed 
Acacia shrubland, Corymbia intermedia - Callitris 
columellaris - Banksia spp. open-forest with a 
scrubby mid- and understorey or Banksia aemula 
low-woodland fringed the waterways. Also sampled 
at Second Lagoon was a small, perched freshwater 
swamp ina swale adjacent to the lagoon’s main channel. 
It comprised flooded M. quinquenervia woodland 
with an understorey of Baumea juncea, Blechnum 
indicum and Gahnia sieberiana. Vegetation on the 
surrounding dune slopes consisted of A//locasuarina 
littoralis, Acacia leiocalyx, Elaeocarpus reticulatus 
and Prteridium esculentum. 
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Details of the surveys of the three coastal lagoons, 
including timing, personnel involved and trapping 
effort, are provided in Table 1. Elliott (Elliott Scientific, 
Upwey, Victoria) Size A aluminium traps (300 x 100 x 
90 mm) baited with chopped pilchards were deployed 
at a spacing of 6-8 m in multiple transects (saved as 
tracks with the GPS) in littoral habitats around the 
shoreline of each lagoon (Figs. 2-4). Access to these 
areas was gained on foot or by canoe. In many places, 
a vertical or even undercut bank of sand, mud or peat, 
ranging from 25 cm to 1.5 m high, marked the boundary 
between the littoral area and adjacent terrestrial 
vegetation communities. Numerous crab holes were 
evident in these banks at Second and Third Lagoons. 
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FIG. 2. Map of First Lagoon, Bribie Island showing 
positions of Elliott trap transects (dotted lines). The 
lagoon is indicated with a solid light line denoting 
the wetland’s boundary with terrestrial vegetation 
communities; note that some transects through littoral 
habitats were located within this area. The eastern coast 
of the island is shown as a solid heavy line. The lagoon’s 
outlet onto the eastern beach is shown as being blocked. 





Trap transects followed the lagoon edges as closely as 
possible, being mindful of possible tidal fluctuations 
in water level. Care was taken to shield traps from 
direct sun and so the cover of deadfall, overhanging 
trees, exposed root systems of living trees or the banks 
themselves was utilised. In areas where complex inlets 
and bays were present, trap transects meandered around 
the shore, taking advantage of cover afforded by any 
natural features. Wherever possible, stands of sedge and 
reed were targeted because of their potential as foraging 
habitat for _X. myoides. In some areas with extensive 
freshwater marshes (e.g., the southern end of Second 
Lagoon), parallel transects were deployed to improve 
the trap coverage of available habitat area (see Fig. 3). 
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FIG. 3. Map of Second Lagoon, Bribie Island showing 
positions of Elliott trap transects (dotted lines). The filled 
squares indicate the sites at which two subadult female 
Xeromys myoides individuals were trapped. The lagoon 
is indicated with a solid light line denoting the wetland’s 
boundary with terrestrial vegetation communities; note that 
some transects at the southern end of the wetland traversed 
extensive littoral marsh within this area. The eastern coast of 
the island is shown as a solid heavy line. The lagoon’s outlet 
onto the eastern beach is shown as being blocked. 
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FIG. 4. Map of Third Lagoon, Bribie Island showing 
positions of Elliott trap transects (dotted lines). The lagoon 
is indicated with a solid light line denoting the wetland’s 
boundary with terrestrial vegetation communities; note that 
some transects through littoral habitats were located within 
this area. The eastern coast of the island is shown as a solid 
heavy line. 


Trap checking commenced at dawn and continued 
until mid-morning. All trapped animals were 
identified, and details of age, sex and reproductive 
status noted. Prior to being released at the point of 
capture, individuals trapped on the first night of the 
survey were temporarily marked by fur clipping to 
enable subsequent recaptures to be determined. For 
X. myoides, GPS fixes and morphometric details were 
recorded, and photographs and descriptions of the 
individuals and their capture sites were taken. 


Measurements of salinity (and sometimes pH and 
conductivity) were recorded on two occasions at each 
lagoon using either an Horiba U-10 Water Quality 
Checker (maintained by South East Queensland 
Catchments Inc.) or a combination of two smaller 
Horiba B211 and B-173 probes maintained by BIEPA. 
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Water near the outlet of each lagoon was tested first 
on 5 July 2008 and then again within a period of 2-7 
weeks after the trapping survey of that site had been 
conducted. On the second occasion, measurements 
were also made from the bank or a canoe at one or 
more additional points in the lagoons. 


RESULTS 
NEST SEARCHES NEAR GALLAGHER POINT, 
WESTERN BRIBIE ISLAND 
Six _X. myoides nests were discovered during searches 
of intertidal areas near Gallagher Point in November 
2009. Three nests were constructed in mangrove trees, 
two were associated with supralittoral banks and one 
was located on a small ‘island’ of higher ground 
supporting the stump of a dead tree (Table 2). Most 
nests were discovered on 13 November 2009. The 
single exception, nest 2, was located when returning 
to nest 1 on 17 November 2009. 


The three _X. myoides tree nests, a type not previously 
documented for Bribie Island, were all constructed 
inside the hollow trunks and limbs of living Avicennia 
marina. In nest 1, mud packing was evident inside the 
tree’s living trunk to a height of 1.2 m. The ramped 
external surface at the base of the tree presumably 
enabled water mice to climb up to where a cleft 
provided an entry point to the trunk’s once hollow 
interior. This now mud-filled cavity had a single 
access hole to the nest at a height of approximately 
30 cm. Nest 2, located only 9 m away, was in a dead 
stag of a living mangrove and here mud packing was 
visible inside the hollow trunk right from ground 
level. It reached a height of approximately 1.1 m, 
presumably filling the interior cavity of the tree. A 
complete shell of dead wood made it impossible to see 
this nest material until higher up, where an opening 
in the stag permitted views down inside the hollow 
spout. The only obvious access hole to this nest was 
beneath a flange of dead timber near the mud ramp at 
the bottom of the tree. The remaining tree nest (nest 4) 
was in a low, stunted mangrove (Fig. 5). It was unclear 
whether a mud mound at the base of the tree was a 
result of construction activity by X. myoides or crabs 
but it afforded the mice covered access to the hollow 
interior of the trunk via several obvious holes (Fig. 
5A). The presence of mud plugging external cracks 
and holes at heights between 30 cm and 1.2 m above 
ground on the sloping trunk’s surface was a diagnostic 
sign of water mouse nest-building activity (Fig. 5A,B). 
Furthermore, mud material in the trunk’s interior 
cavity was visible through a crevice in the tree. 
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TABLE 2. Xeromys myoides nests recorded in November 2009 near Gallagher Point, Bribie Island. Asterisks in the first 
column indicate the two nests first identified in March 1999 (Van Dyck & Gynther, 2003). Coordinates are in GDA 94. See 
text for explanation of Nest Types. 


Latitude (S) Longitude (E) | Nest Type Landform/Vegetation Association 
27°00°08.5" | 153°05"56.6” Mangrove community on mud 
27°00°08.5” | 153°05’56.6” Mangrove community on mud 


, 
56 
3F 27°00 13.5” 153°06’02.2” | Supralittoral Peat bank around an isolated patch of coastal 
bank woodland within the intertidal zone 
27°00°16.2” | 153°05°54.5” | Tree Mangrove community on mud 
5 27°00°18.4” 153°06’04.6” | Island Small island of mud or peat detached from a bank 
around an isolated patch of coastal woodland 
within the intertidal zone 
6* 27°00°25.7” 153°05’54.9” | Supralittoral Sandy peat bank on lee side of a groyne supporting 
bank coastal woodland 





FIG. 5. Xeromys myoides nest 4, a tree nest in a hollow Avicennia marina near Gallagher Point, Bribie Island. A. View of the 
nest tree showing the mud mound at base (asterisk), providing covered access to the tree’s interior chamber, and mud nesting 
material filling the hollow sloping trunk above ground level (arrows); B. View of mud with embedded crab carapaces plugging 
a large opening in the other side of the same trunk. Photos: Ian Gynther. 
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The only ‘island’ nest found at Gallagher Point in 
November 2009 (nest 5) was not recorded during 
the initial survey of the area, either because it was 
not present or was overlooked at that time (Van Dyck 
& Gynther, 2003). It was constructed on a mound of 
substrate consolidated by the roots of a dead Casuarina 
glauca, now only a stump, and surrounded by scattered 
mangroves and sparse Sporobolus virginicus. The island 
was once very likely joined to a nearby raised area of 
land supporting coastal woodland but had since become 
separated by erosion (see Burnham, 2002; Van Dyck & 
Gynther, 2003). Mud packing was evident in pathways 
running upwards along the roots from the level of the 
mangrove floor. An obvious mud track was formed up 
one side of the nest towards the top of the ‘island’. The 
nest structure also incorporated the dead stump itself 
because sandy material plugged the top of the trunk’s 
hollow centre. Numerous holes in the bottom half of this 
‘island’ structure provided _X. myoides access to the nest. 
An extensive sedge swamp north-east of nest 5, where 
two island nests were described by Van Dyck & Gynther 
(2003), was not visited during the current field work. 
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The two X. myoides nests constructed in association 
with the supralittoral bank (nests 3 and 6) were first 
identified more than a decade earlier (refer to nest 
#5 24 and 26 in Van Dyck & Gynther, 2003). In nest 
3, X. myoides had built additional loam and sand 
mounding around a dead C. glauca stump on top of 
the supralittoral bank, effectively doubling the overall 
nest’s height. Two conspicuous access holes were 
present at the bank’s base and another was visible 
at about half nest height, approximately level with 
the top of the supralittoral bank. An additional hole 
with similar dimensions and so possibly made by_X. 
myoides, was situated on flat ground on top of the 
supralittoral bank but it was 1.5 m from the mound 
and 1.5 m back from the bank’s edge. Figure 6 shows 
photographs of this nest taken in March 1999 and 
November 2009 (see also Fig. 8, p. 463 in Van Dyck 
& Gynther, 2003). With the progression of time, the 
condition of the stump had deteriorated further, the 
nest mound had lost its cover of Sporobolus virginicus 
and Juncus kraussii, and the vegetation of the adjacent 
woodland community appeared to have become more 





FIG. 6. Photographs of the same supralittoral bank nest (nest 3) of Xeromys myoides taken in March 1999 (A) and November 
2009 (B) near Gallagher Point, Bribie Island. Asterisks indicate recent repair to the mound on top of the bank in A and 
relatively fresh mud daubing in B. Arrows mark nest access holes. Photos: A, Steve Van Dyck; B, Ian Gynther. 
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open. Nevertheless, the external characteristics of the 
nest itself were similar. In particular, the shape and 
size of mounding constructed around the tree stump 
had not changed significantly between 1999 and 2009. 
Not surprisingly, a breach in the nest that had been 
repaired with fresh mud daubing in March 1999 (see 
Fig. 19, p. 472 in Van Dyck and Gynther; 2003) was 
no longer discernible. Over the intervening decade, 
changes had occurred with respect to the number and 
placement of access holes to this nest. Two holes were 
described in March 1999 — one level with the top of 
the supralittoral bank and the other 18 cm higher on 
the sloping loam and sand mound constructed on top 
of the bank (Van Dyck & Gynther, 2003). Only the 
former was evident during the current work, however, 
another two conspicuous access holes were noted at 
the base of the supralittoral bank and a third possible 
nest entrance was located on the horizontal bank 
surface 1.5 m away. 


The second supralittoral bank nest found in November 
2009 (nest 6) was situated on the landward side of a 
narrow, raised tongue of loam and white sand running 
close to and parallel with the shoreline of Pumicestone 
Passage. This ‘groyne’ supported a sparse woodland 
of low C. glauca and M. quinquenervia with 
an understorey of J. kraussii and S. virginicus. 
Coordinates from a GPS, together with notes and 
diagrams made in March 1999 concerning the nest’s 
features, placement and surrounding vegetation 
communities, confirmed that this nest was also 
discovered during the original survey of Gallagher 
Point (see nest #26 in Van Dyck & Gynther, 2003). 
Unfortunately, no photographs were taken during the 
initial visit to allow a visual comparison of the nest’s 
appearance after more than ten years had elapsed. 
However, by referring to the field notes made in 
1999, certain changes were discernible. Originally, 
the nest consisted of a 21-cm mound of bare loam 
and sand constructed on top of the supralittoral 
bank. In November 2009 this mound was smaller 
and less obvious, with J. kraussii now growing 
over it. The two access holes documented in March 
1999 were still present but their configuration was 
slightly different in 2009. The holes were no longer 
at ground level, now being located a few centimetres 
higher up the supralittoral bank. An obvious apron of 
spoil material, comprising characteristic small balls 
of sandy loam and scattered crab carapaces, spilled 
down and fanned out over the mangrove floor during 
the more recent survey (Fig. 7) but this was not noted 
in 1999, Additionally, a small (10-cm diameter) patch 
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FIG. 7. Access holes to a supralittoral bank nest (nest 6) 
of Xeromys myoides near Gallagher Point, Bribie Island 
showing a spoil pile from recent excavation activity. Note 
the crab carapaces and claws (arrows) included among the 
spoil. Photo: Ian Gynther. 





of relatively recent daubing of sandy loam material, 
probably representing a repair of a breach in an 
underlying nest tunnel or chamber, was evident on 
top of the supralittoral bank and approximately 1 m 
away during the 2009 inspection. Nearby, at the foot 
of the supralittoral bank, was another nest access 
hole that was not present at the time of the initial 
survey. These signs of recent and ongoing activity 
at supralittoral bank nests 3 and 6 indicated both 
structures continue to be occupied by X. myoides. 


While conducting the nest search at Gallagher Point on 
13 November 2009, two feral horses Equus caballus 
(a stallion and mare) were observed at the boundary 
between a saltmarsh area (chiefly comprising samphire 
species) and the C. glauca-dominated woodland. The 
number and distribution of hoof marks in the substrate 
along the supralittoral bank indicated considerable use 
of the marine/terrestrial interface by this species. 


ORIGIN AND DETAILS OF THE 1984 SPECIMEN 
Spirit specimen JM4924 from the collection of the 
Queensland Museum is an adult female X. myoides. 
The museum’s database records that it was collected 
on 30 September 1984 from 27°03’S, 153°10’E, with 
the locality given as “Bribie Island, 3 km N of P.O.” 
Additional, hand-written details inthe specimenregister 
state the specimen came from “habitat dominated 
by Acacia leiocalyx and Banksia integrifolia’. This 
information suggested that the individual was trapped 
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TABLE 3. Summary of captures during surveys of three eastern lagoons on Bribie Island. Figures represent number of 
individuals, with number of recaptures shown in brackets. Individuals of the introduced Cane Toad were euthanased and so 
recapture figures do not apply to this species. 
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in a terrestrial vegetation community in the southern- 
central part of the island. However, the recollections 
of several former QUT Ecology students contacted 
for confirmation of these details indicated this was 
not the case. To accurately document the source of the 
specimen, this new information is presented here. 


Investigations established that a single X. myoides 
was captured by then post-graduate student Neil 
White “off a track that led down to the beach...up 
behind the dunes” during a second year field trip (N. 
White, pers. comm.). Further enquiries revealed that 
this area, which became the standard site for second 
year QUT field studies (N. White, pers. comm.), was 
on the northern side of the ‘Old Eastern Boundary 
Track’ that ran between an exotic pine plantation and 
the ocean beach (L. Hogan, pers. comm.; A. Liedloff, 
pers. comm.; D. Whisson, pers. comm.). This area 
is approximately 1 km north of the northern arm of 
Third Lagoon and 10 km north-west of Woorim. The 
X. myoides capture site was an ephemeral wetland 
situated in a “trench [i.e., swale] where Callistemon 
[now Melaleuca] grows” (N. White, pers. comm.). 
The individual was caught in an Elliott trap using 
peanut butter bait as part of a trap effort entailing 500 
traps laid in a grid, with lines running perpendicular to 
the dune/swale system to sample vegetation variation 
from heath plain to foredunes (N. Brown, pers. 
comm.; N. White, pers. comm.). The capture caused 
considerable excitement because of the rarity of YX. 
myoides (N. Brown, pers. comm.). The individual was 
retained for a period so that everyone could familiarise 


themselves with the species but was eventually 
donated to the Queensland Museum. (N. Brown, pers. 
comm.). Following the initial capture, more extensive 
trap effort for X. myoides was applied in 1984, with as 
many as 1000 traps at a time being deployed, and cat 
food and anchovies being used as bait for a period, but 
without further success (N. White, pers. comm.). 


Based on the QUT trapping grid being either 350 m or 
500 m wide (L. Hogan, pers. comm.; D. Whisson, pers. 
comm.) and the capture being made from the swale 
behind the recent dunes, 1.e. in the eastern portion of the 
grid (N. Brown, pers. comm.; N. White, pers. comm. ), the 
approximate location of the 1984 capture of Queensland 
Museum specimen JM4924 is 26°59’28”S, 153°09°43”E 
(plus or minus 250 m). This site, indicated in Fig. 1, is 
on the eastern coast of Bribie Island, approximately 6.5 
km north of the inland location that was recorded for the 
specimen in the Queensland Museum’s database. 


During a QUT student field trip to the same 
location in 1985, a second _X. myoides was captured 
on the trapping grid but this animal was released, 
probably because those present knew a specimen 
had been collected there the previous year (D. 
Whisson, pers. comm.). On this occasion, around 
400 traps were deployed, again using peanut butter 
bait (D. Whisson, pers. comm.). The location 
of the capture, at approximately 26°59°23”S, 
153°09’41”E (plus or minus 100 m), was in the 
north-eastern part of the grid, just behind the 
dune and at the edge of the swamp (i.e., flooded 
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TABLE 4. Capture locations and morphometric data for Xeromys myoides from Second Lagoon, Bribie Island. Coordinates 
are in GDA 94. Abbreviations are as follows: SA, subadult; HB, head-body length; TV, tail-vent length; HF, hindfoot length; 
EL, ear length (measured from notch); AG, anal-genital distance; Wt, weight (g). All lengths are in mm. 


Individual | Age | Date Latitude Longitude TV HF EL AG Wt 
(S) (E) 
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2010 
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2010 


swale), which had thigh-deep water at the time (D. 
Whisson, pers. comm.). Thick Lantana camara 
was present in the area around the successful trap. 


Liedloff(2000)providesdetails ofthe plantcommunities 
present in the swale and immediately adjacent dune on 
the QUT trapping grid. These vegetation descriptions 
are consistent with the recollections of former students 
about the habitat present at the two X. myoides 
capture sites (N. White, pers. comm.; D. Whisson, 
pers. comm.). The swale supports M_ quinquenervia 
open-forest with a shrub layer consisting solely of M. 
pachyphylla (previously Callistemon pachyphyllus) 
and a swamp understorey dominated by Blechnum 
indicum. Ten other ground layer species were present, 
including Schoenus brevifolius, Gahnia sieberiana, 
Chorizandra sphaerocephala, Lepironia articulata (all 
Cyperaceae) and Leptocarpus tenax (Restionaceae). 
The vegetation on the dune changes abruptly, with 
the upperstorey comprising M. quinquenervia, Acacia 
concurrens, Alphitonia excelsa, Banksia serrata and 


C. glauca, and groundcover on the predominantly 
sandy surface provided by Cyperus enervis, Gloriosa 
superba, Hibbertia scandens, Imperata cylindrica, 
Isolepis nodosa, Lantana camara and Stephania 
Japonica (Liedloff, 2000). 


Despite increased effort to trap XY. myoides being made 
at the QUT study site in the years following 1985, 
including the use of sardines as bait, no additional 
captures were confirmed, although an animal fitting 
the general appearance of a water mouse was trapped 
and released by undergraduate students before its 
identification could be verified (D. Whisson, pers. 
comm.). The area was subjected to an intensive 
trapping program between 1991 and 1996, with 
over 88,000 trap-nights being conducted, and yet_X. 
myoides was not recorded again (Liedloff, 2000; L. 
Hogan, pers. comm.). Interestingly, Luke Hogan (in 
litt.) reported the area being quite wet in the 1980s 
and recalled “wading through hip-deep water in the 
swale behind the recent coastal dunes” whereas by 





FIG. 8. Subadult female XYeromys myoides captured at Second Lagoon, Bribie Island. A. Individual #1 captured on 18 March 
2010. B. Individual #2 captured on 19 March 2010. Photos: A, Ian Gynther; B, Rowena Thomas. 
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FIG. 9. Littoral habitats in which Xeromys myoides individuals #1 (A) and #2 (B) were captured at Second Lagoon, Bribie 
Island during this study. Photos: A, Ilan Gynther; B, Rowena Thomas. 


1991 there were “much smaller areas of open water 
and nothing more than knee-deep”. From 1993-1996, 
the site had only seasonal inundation and sometimes 
was dry (A. Liedloff, pers. comm.). 


TRAPPING SURVEYS OF THE EASTERN 
LAGOONS 

The two-night surveys of a subset of eastern 
lagoons on Bribie Island confirmed the presence of 
X. myoides at one of them — two water mice were 
captured at Second Lagoon, although none was 
trapped at either First or Third Lagoons. The surveys 
also yielded four other native rodent species, as well 
as the introduced Cane Toad Rhinella marina (Table 
3). At Second Lagoon, X. myoides represented 4.4% 
of rodent individuals that were trapped (two out of 
45) and 3.9% of all rodent captures (two out of 51), 
which includes individuals re-trapped the second 
night. Across all three survey locations, X. myoides 
represented 2.04% of the 98 rodent individuals 
trapped and 1.74% of 115 rodent captures. Overall 
trapping success for X. myoides was 0.125%. This 
relatively low overall capture rate matched that 
obtained for the Swamp Rat Rattus lutreolus but 
exceeded the returns for the Water Rat Hydromys 
chrysogaster, of which only a single individual was 
captured at Third Lagoon (Table 3). However, signs 
of H. chrysogaster were also present in the form 
of footprints at Second Lagoon. The most prolific 
mammal (and species) trapped at all sites was the 
Grassland Melomys Melomys burtoni, with a capture 
success of 6.125%. This species represented 84.7% 
of trapped rodent individuals and 85.2% of rodent 
captures overall. 


Both X. myoides individuals from Second Lagoon 
(Fig. 8) were subadult females, as determined by their 
reproductive condition (possessing imperforate vaginal 
openings and undeveloped teats), rather than their 
weights alone (cf. Van Dyck, 1997). Neither individual 
was recaptured. Physical measurements of the two 
individuals and coordinates of the capture sites at the 
margins of the open expanse of water at the southern 
end of the lagoon system are provided in Table 4. 


Individual 1 (Fig. 8A) was captured on 18 March 
2010 in littoral habitat on the eastern shore that 
was dominated by Fimbristylis ferruginea (which 
surrounded the successful trap) but with Cynanchum 
carnosum, Phragmites australis, Sesuvium 
portulacastrum and Sporobolus virginicus also 
present (Fig. 9A). This area was bordered by a narrow 
band of M. quinquenervia and C. glauca woodland 
fringing a low open-forest of Callitris columellaris, 
Corymbia intermedia, C. tessellaris and Eucalyptus 
tereticornis with Acacia spp. in the midstorey and an 
understorey of Austromyrtus dulcis, Baumea juncea, 
Imperata cylindrica and Stephania japonica. Small 
infestations of Asparagus asparagoides, Baccharis 
halimifolia, Gloriosa superba, Ipomoea cairica and 
Lantana camara were present. 


The second individual (Fig. 8B) was captured the 
subsequent night in similar littoral habitat on the 
northern shore (Fig. 9B). Cover around the trap was 
provided by Fimbristylis ferruginea, Juncus kraussii, 
Phragmites australis, Sesuvium portulacastrum and 
Sporobolus virginicus with Melaleuca quinquenervia 
and Casuarina glauca nearby. This area fringed 
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an open-forest of Callitris columellaris, Corymbia 
intermedia and Eucalyptus tereticornis with an 
understorey of Baumea juncea, Cynanchum carnosum 
and Imperata cylindrica. 


Water monitoring data collected from near the 
ocean outlets of all three eastern lagoons during a 
reconnaissance trip and a subsequent visit after the 
completion of the trapping surveys demonstrated 
marked differences in salinity. Initial samples taken on 5 
July 2008 indicated that water near the outlets was fresh 
or slightly brackish — readings were 0.0384%, 0.1728% 
and 0.2688% for First, Second and Third Lagoons, 
respectively. The second sample of each lagoon 
showed much higher salinity values. At First Lagoon, 
a salinity of 2.8% and a pH of 7.9 were recorded as 
an incoming tide flowed past the monitoring point on 
28 April 2010. However, near a M. quinquenervia and 
sedge swamp in the southern section of this lagoon, 
corresponding readings taken the same day were 0.06% 
and 4.4. Similarly, samples taken at six different points 
in Second Lagoon on 11 May 2010 provided values 
ranging from 0.01-2.22% for salinity and 4.0-6.8 for 
pH, with the lower values for each measure relating 
to monitoring points further from the ocean outlet 
and closer to inflows of fresh, tannin-stained water 
from surrounding wallum (sensu Coaldrake, 1961) or 
coastal woodland. Salinity and pH ranges recorded at 
five separate sites within Third Lagoon on 1 September 
2010 were 0.66->1.1 % (the actual upper value is 
unknown because the reading exceeded the measuring 
capacity of the device) and 5.0-7.6, respectively. Again, 
the highest salinity and pH values were recorded near 
the lagoon’s outlet to the ocean. 


At points adjacent to the two X. myoides capture sites 
at Second Lagoon, measured salinity and pH values 
averaged 2.15% and 6.63 for the first site and 1.33% 
and 6.45 for the other, although these recordings 
were made on 11 May 2010, almost two months 
after the trapping was conducted. Nevertheless, 
significant salinity would have been present in 
this southern section of Second Lagoon during the 
March 2010 survey because the water level exhibited 
significant tidal fluctuations over this period despite 
constant freshwater inflows from the surrounding 
M. quinquenervia swamp forest. Such high salinities 
may not have been present in the other two lagoons. 
At the time of the survey of First Lagoon, a sand bar 
blocked all inward and outward flows during the tidal 
cycle and, consequently, the water level of the lagoon 
remained static. Third Lagoon did not experience tidal 


influxes during the August 2010 survey and, instead, 
its level fell gradually over the three-day period. 


Despite the temporal and spatial variations in salinity 
evident in these eastern lagoons, two grapsoid crab 
species Helograpsus haswellianus and Parasesarma 
erythrodactyla, known prey items of X. myoides in 
mangrove and saltmarsh habitats (Van Dyck, 1997), 
were common around the shores of Second and Third 
Lagoons, and prolific crab holes were noted in mud 
and sand banks bordering both wetlands. This was not 
the case at First Lagoon, where the only crustacean 
noted was a ghost crab Ocypode sp. in a sandy section 
of the lagoon’s shoreline, close to the ocean beach. 


Cane Toads were captured at all three lagoons (Table 
3) but were most numerous at Second Lagoon, where 
they were readily detected near the water’s edge at 
night by their eyeshine in a torch beam. A large female 
Rhinella marina was captured in the same trap that 
had caught X. myoides the previous night, confirming 
that the two species forage in the same habitat at 
Second Lagoon. Numerous toad metamorphs (as well 
as individuals of the ‘acid’ frog Crinia tinnula) were 
recorded around the northern edge of First Lagoon 
during the initial daytime visit on 5 July 2008. 


Evidence of two feral mammal species was detected at 
the eastern lagoons on Bribie Island. Fox Vulpes vulpes 
tracks were seen in the sand or mud substrates around 
the shorelines of First and Second Lagoons on 13 
November 2009 and 17-19 March 2010, respectively. 
Extensive Pig Sus scrofa rooting was noted at Fourth 
Lagoon during a brief visit on 16 October 2009. Around 
the shoreline and in shallow water, large areas of sedges 
had been uprooted and the mud overturned as a result of 
foraging activity of these animals. Pig scats and signs of 
rooting activity were observed around the edge of First 
Lagoon during the three-day survey in April 2010, and 
the tracks of S. scrofa were noted in mud in two sections 
of Third Lagoon during the August 2010 survey. 


DISCUSSION 

INTERTIDAL WETLANDS OF THE WESTERN 
COAST AS WATER MOUSE HABITAT 

Based on the identification of active nests, the present 
study confirmed that the intertidal wetlands near 
Gallagher Point continue to support a population of 
X. myoides that was first discovered there in March 
1999 (Van Dyck & Gynther, 2003). Furthermore, 
two supralittoral bank nests found during the initial 
survey were relocated in November 2009. Certain 
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changes in external appearance due to loss or thinning 
of vegetation cover on and surrounding the nests 
may reflect altered climatic regimes during the 
intervening period. However, the existence of 
mounds of substrate, presence of access holes, 
signs of recent tunnel or nest chamber excavation 
and evidence of nest repair work not only confirmed 
both nests were still occupied by X. myoides but 
that they were being actively maintained more 
than a decade since their first discovery. This 
provides the first proof of the potential longevity 
of X. myoides nesting structures, something that 
has only been assumed until now. 


Van Dyck & Gynther (2003) speculated that large, 
free-standing mound structures (a type of nest not 
seen at Gallagher Point) “may represent decades of 
effort by generations of mice”. The present study 
clearly shows that supralittoral bank nests, in which 
the existing earth bank offers both refuge above 
high water and substantial protection against the 
eroding forces of the tides, may also be occupied 
by generations of mice. Presumably, the location of 
such nests close to resource-rich mangrove feeding 
areas (Van Dyck, 1997) makes the ongoing effort 
exerted by the occupants in building and maintaining 
additional mud mounds, excavating tunnels and 
chambers, and plugging any breaches in the external 
structure of the nest, worthwhile. 


Three X. myoides tree nests constructed inside 
hollow mangroves were discovered near Gallagher 
Point during this study. Although this nest type has 
been documented at numerous other south-eastern 
Queensland localities, including two sites on the 
mainland side of Pumicestone Passage (Van Dyck & 
Gynther, 2003), the current examples represent the 
first tree nests recorded for Bribie Island. Rather than 
indicating that this is a newly developed or unusual 
nesting strategy by X. myoides on the island, the lack 
of previous records of tree nests is more likely because 
few nest surveys have been conducted there and the 
March 1999 inspection mostly involved a relatively 
linear search along supralittoral banks at the interface 
between intertidal and terrestrial communities, with 
little effort being devoted to time-consuming transects 
through the extensive areas of mangrove habitat. 


Not every nest identified near Gallagher Point in the 
initial survey in March 1999 was relocated during this 
study. A supralittoral bank nest documented by Van 
Dyck & Gynther (2003; see nest #25), situated on a 


PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 


sandy groyne, was not recorded during the visits in 
November 2009. This suggests that either the nest had 
been abandoned at some point during the preceding 
decade or that it was active but evidence of occupation 
was overlooked. The latter is a possibility because 
signs of X. myoides activity at nest sites can be 
subtle, particularly in situations like this where a high 
percentage of sand in the substrate renders features 
created by the mice (track ways, plastering, daubing, 
etc.) less distinct with the passage of time as compared 
to those with a higher mud or peat content. Had GPS 
coordinates and photographs of supralittoral bank 
nest #25 of Van Dyck & Gynther (2003) been used to 
assist in relocating the original site, such subtle signs 
of occupation by X. myoides may have been detected 
during the present survey. 


Previous work has established that not all X. 
myoides nests remain in use for the prolonged 
periods demonstrated for nests 3 and 6 in this study. 
Van Dyck & Gynther (2003) document a free- 
standing nest mound at Stockyard, North Stradbroke 
Island, that was found abandoned 3.5 years after 
first being discovered, and also give examples of 
three tree nests at Coomera River, Gold Coast, that 
were no longer active on subsequent visits over a 
three-year period. A more complete reassessment 
of known nest structures across a range of south- 
eastern Queensland localities, as well as in various 
situations within the intertidal zone, would be 
required to determine the longevities characteristic 
of all_X. myoides nest types. 


Pumicestone Passage is recognised as a stronghold 
for X. myoides in Queensland (DERM, 2011a). The 
species is currently known from the two intertidal 
areas that have been surveyed on the western 
shoreline of Bribie Island (Gallagher Point and 
White Patch), as well as from a number of intertidal 
localities on the adjacent mainland, including 
Bullock Creek, Coochin Creek, Coonowrin Creek, 
Donnybrook and Glass Mountain Creek (Van Dyck 
& Gynther, 2003; DERM, 2011la; M. Schulz, pers. 
comm.; L. Hogan & G. Smith, pers. comm.; S. Van 
Dyck & S. Burnett, pers. comm.). In light of this, 
the water mouse is expected to occur in all suitable 
areas of mangrove and saltmarsh on Bribie Island’s 
western coast (see Dowling, 1979, 1986; McDonald 
& Elsol, 1979). A comprehensive survey effort to 
confirm this potential distribution is warranted to 
further underline the conservation significance of 
Bribie Island for this threatened rodent species. 
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FRESH AND INTERMITTENTLY TIDAL 
WETLANDS OF THE EASTERN COAST AS 
WATER MOUSE HABITAT 

Investigations made as part of this study clarified the 
circumstances of the first record of X. myoides from 
Bribie Island (Queensland Museum JM4924) in 1984, 
establishing details of the collector and significantly 
improving the accuracy of information about the 
Specimen’s provenance. Enquiries revealed that a 
second water mouse was captured and released in the 
same area the following year. These findings provided 
the first proof that X. myoides utilises non-saline 
habitats on Bribie Island. Whereas the great majority 
of water mouse records are from mangrove and 
saltmarsh communities (e.g. Magnusson et al., 1976; 
Van Dyck, 1992, 1994, 1997; Van Dyck et al., 1979; 
Van Dyck & Durbidge, 1992; Woinarski et al., 2000; 
Van Dyck & Gynther, 2003; Ball, 2004), relatively 
few records are from situations away from intertidal 
habitats. Documented examples are individuals 
captured near the type locality at Mackay in central- 
eastern Queensland (McDougall, 1944; Troughton, 
1962), as well as at Cooloola and Beerwah in south- 
eastern Queensland (Dwyer et al., 1979; Smith, 1981), 
the Daly River area of the Northern Territory (Redhead 
& McKean, 1975) and the Bensbach River of south- 
western Papua New Guinea (Hitchcock, 1998). For 
the purposes of comparing habitat features of these 
previous examples with those associated with the 
Bribie Island records from 1984 and 1985, the various 
capture situations are briefly summarised here. 


In the Mackay area, X. myoides was found about one 
mile from the beach but, unlike the Bribie Island 
situation, it was trapped in a permanent “reedy” swamp 
with a dense cover of “tall grass shrubs and Pandanus” 
(McDougall, 1944; McDougall in Troughton, 1962). 
On the black soil plains near the Daly River, Northern 
Territory, two _X. myoides were captured in Para Grass 
Brachiara mutica at or near the edge of a permanent 
freshwater lagoon anda temporary waterhole, although 
the area probably originally supported a sedgeland 
community containing swamps with Melaleuca spp. 
forest, lined with Barringtonia acutangula (Redhead 
& McKean, 1975). 


Dwyer et al. (1979) report the X. myoides capture 
site on the Noosa Plain at Cooloola as being a dense 
restiad swamp with occasional Gahnia clumps 
near coastal heath, approximately 300 m from 
the Noosa River. This swamp lacked both the tree 
canopy and conspicuous fern understorey of the 


1984 and 1985 Bribie Island records but features in 
common are the existence of surface water and the 
proximity to heathland. Further similarity between 
the two situations is shown by the presence, 
albeit minor, of a restiad (Leptocarpus tenax) and 
Gahnia sieberiana (among other Cyperaceae) at 
the capture location in the ephemeral, dune swale 
wetland on Bribie Island. A second site, at Kinaba 
Island, Cooloola, was in a dense stand of young M. 
quinquenervia with little understorey, near the edge 
of a taller M@. quinquenervia and C. glauca open- 
forest community, approximately 150 m from the 
shoreline of Lake Cootharaba (Dwyer et al., 1979; 
Smith, 1981; G. Smith, pers. comm.). The ground 
was inundated at the time of the capture and a 20 
m square quadrat around the trap site supported 
vegetation that included Juncus sp., Phragmites 
sp. and Lomandra sp. (Smith, 1981). 


At Beerwah, 13 km inland from Pumicestone Passage, 
one of two X. myoides individuals was trapped in 
dense vegetation 10 m inside a five-year old stand of 
Slash Pine Pinus radiata, although the site was 30 m 
from a sedge swamp fringed with Melaleuca (Dwyer 
et al., 1979). Gahnia, Lepyrodia (several species of 
which have now been assigned to another genus) and 
fern formed components of the dense shrub and grass 
undergrowth between the capture site and the swamp. 


In Papua New Guinea, two_X. myoides were collected 
within 20 m of the edge of a seasonally-inundated 
sedgeland (mainly Eleocharis sp.) swamp, surrounded 
by Melaleuca swamp forest. This site was 100 m froma 
flood plain at a point 35 km from the Torres Strait coast 
(Hitchcock, 1998) and approximately 100 km upstream 
from the mouth of the meandering Bensbach River. 


Although these previous examples share certain 
environmental characteristics with the location of 
the 1984 and 1985 eastern Bribie Island records, 
none parallels the particular situation in which these 
captures occurred — a seasonally-inundated swale 
behind the foredunes, supporting M quinquenervia 
open-forest with a Blechnum indicum-dominated 
ground layer. Consequently, the information obtained 
about the circumstances of the water mouse captures 
at the QUT study area on the island’s eastern coast 
adds to knowledge of the spectrum of environments in 
which X. myoides occurs. 


Further diversity in habitat utilisation by X. myoides 
was demonstrated during the present study by the 
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captures made among stands of Fimbristylis ferruginea 
at Second Lagoon, situated behind the frontal dune 
system on Bribie Island. Although ‘sedged lakes near 
foredunes’, an apt description for this capture location, 
is regularly included in lists of habitats frequented 
by the species (Van Dyck, 1992, 1994; Van Dyck & 
Durbidge, 1992; Gynther & Janetzki, 2008), the origin 
of this reference 1s unclear since none of the previously 
reported X. myoides locations (see above) closely fits 
such a description. The habitat description may have 
related to either or both captures made at Cooloola, 
namely from a restiad-filled swamp and a small island 
in Lake Cootharaba (Dwyer et al., 1979; G. Smith in 
Dwyer et al., 1979), because these sites are 1-2 km 
from the western edge of the dune complex associated 
with the Cooloola sand mass, although some 4-4.6 km 
from the ocean beach. The present captures, made in 
sedges at the margins of Second Lagoon, were from 
a location immediately behind the frontal dunes, the 
closer record being only 180 m from the ocean beach 
(Fig. 3). This appears to be the first actual example of 
X. myoides utilising ‘sedged lakes near foredunes’. 


An interesting feature of Bribie Island’s eastern 
lagoons is their irregular tidal nature. At times they 
were closed to the sea and contained fresh or slightly 
brackish water whereas at other times they experienced 
tidal flows such that they became distinctly brackish. 
The water mouse has not been reported from such 
intermittently tidal wetlands previously. The closest 
example is at Kinaba Island, Cooloola, where the 
surrounding waters of Lake Cootharaba are brackish 
but this is due to the Noosa River’s regular, once daily, 
tidal pulses (DERM, 2011b) providing conditions that 
support stands of three species of mangrove on the 
island’s shore (Smith, 1981). 


The degree of salinity in Bribie Island’s eastern 
lagoons depends upon factors such as the volume 
of groundwater discharge due to rainfall events, the 
extent of wave overwash due to high tides and storm 
surge, and the nature of the sand deposits forming bars 
at the outlet points on the ocean beach (Harbison & 
Cox, 2000; Armstrong & Cox, 2002). The presence 
of the ‘acid’ frog Crinia tinnula near the seaward 
end of First Lagoon in July 2008, together with the 
absence of grapsoid crabs during all visits there, may 
indicate periods of raised salinity are unusual for this 
particular wetland, as is also suggested by the lagoon’s 
alternative name of ‘Freshwater Creek’. By contrast, 
grapsoid crabs were abundant at both Second and 
Third Lagoons, at which limited water sampling found 
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salinities ranged from slightly brackish to moderately 
brackish between July 2008 and September 2010. 
Some North Queensland species within this group 
of crustaceans are known to tolerate a broad range 
of salinities (Frusher et al., 1994) so the presence of 
grapsoid crabs in these two coastal lagoons is not 
surprising. These crabs are an important dietary item of 
X. myoides in mangroves and saltmarshes (Van Dyck, 
1997) and, consequently, they are likely to represent 
an important resource for water mice occupying the 
intermittently tidal, eastern lagoons of Bribie Island. 


Except for the notable absence of mangroves, the 
X. myoides capture sites at Second Lagoon (Fig. 9) 
closely matched descriptions of sedgeland at the 
landward edge of intertidal communities occupied by 
water mice on North Stradbroke Island (Van Dyck, 
1997). There, the salinity in a band of Juncus kraussii, 
Baumea juncea, B. rubiginosa and Fimbristylis 
ferruginea in which X. myoides forages and nests 
(Van Dyck, 1992, 1994, 1997; Van Dyck & Durbidge, 
1992) is reduced by freshwater drainage from the 
adjacent wallum community dominated by Melaleuca 
quinquenervia, Corymbia intermedia and Eucalyptus 
robusta (Van Dyck, 1997). Similar littoral habitat 
occupied by potential prey species (grapsoid crabs) 
was present at Third Lagoon and so it was surprising 
that the water mouse was not also trapped at this 
location during the current study. Additional survey 
effort at Third Lagoon would be expected to confirm 
the presence of the species. 


Although the overall trap success for X. myoides 
during the surveys of the eastern lagoons was 
relatively low (0.125%), it nevertheless greatly 
exceeded capture rates recorded from previous studies 
of freshwater swamps and wet heathlands in south- 
eastern Queensland. An intensive, three-year study 
behind Bribie Island’s eastern dunes about 19 km 
north-west of Woorim did not yield any X. myoides 
from 17,600 trap-nights (Barry, 1984). Figures 
summarising total trapping effort from the QUT study 
site 10 km north-west of Woorim are not available 
but only two X. myoides individuals are positively 
known to have been captured from undergraduate and 
postgraduate field studies involving well in excess of 
90,000 trap-nights and which continued for more than 
a decade beyond the initial capture date (Liedloff, 
2000; N. Brown, pers. comm.; L. Hogan, pers. 
comm.; D. Whisson, pers. comm.; N. White, pers. 
comm.). Similarly, Dwyer et al. (1979) document 
only a single X. myoides individual from more than 
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19,000 trap-nights in “heath and swamp” at Cooloola 
and Beerwah, which equates to a trap success of 
approximately 0.005%, while Smith (1981) captured 
one water mouse during 13,470 Elliott trap-nights in M. 
quinquenervia and C. glauca swamp forest on Kinaba 
Island, Cooloola, corresponding to a trap success of 
approximately 0.007%. In the 1970s, John Martin and 
colleagues conducted an estimated 5,400 trap-nights in 
freshwater swamps, wet heathland or sedged lagoons 
across 12 localities on North Stradbroke Island (five 
sites along Eighteen Mile Swamp, the Point Lookout— 
Amity swamp, the Amity-Myora swamp, Capembah 
Creek upstream of Myora Springs, Blue Lake/Tortoise 
Lagoon, Lake Kounpee, Black Snake Lagoon and Ibis 
Lagoon) but no water mice were captured (Martin, 
1975; J.H.D. Martin, in litt.). Even though some of 
the preceding results are from non-targeted trapping 
programs using less than optimal baits for water 
mice, such dismal capture rates nevertheless strongly 
suggest that X. myoides is exceedingly rare or only 
transient in freshwater swamps and associated wet 
heathland in south-eastern Queensland. 


No trapping for XY. myoides in mangrove and saltmarsh 
communities on Bribie Island has been conducted 
and so it is not possible to make direct comparisons 
of the trapping success for this species between the 
island’s western intertidal habitats and its freshwater 
(and intermittently tidal, brackish) environments. 
However, a detailed study of X. myoides in 
mangroves and saltmarshes on the western shoreline 
of North Stradbroke Island yielded a trap success 
of approximately 11.3% across seven sites (Van 
Dyck, 1997), 1.e. almost one hundred times higher 
than recorded during the current work and orders of 
magnitude greater again compared to the previous, 
although not always targeted, studies of non-saline 
habitats in south-eastern Queensland referred to 
above. Furthermore, radio-tracking of nine individuals 
from two sites on North Stradbroke Island showed 
that X. myoides did not forage to any significant 
extent in freshwater marshes and Melaleuca swamps 
despite the close proximity of these habitats to the 
animals’ nest sites. Van Dyck (1997) suggests that 
the mangrove zone provides the most resource rich 
and productive foraging habitat for X. myoides. In an 
interesting parallel to this, Harris (1978) found that for 
the water rat Hydromys chrysogaster, a species with 
dietary preferences overlapping those of X. myoides, 
individuals from freshwater locations weigh less than 
those from estuarine situations, reflecting a difference 
in habitat quality between the two environments. 


These previous findings about what represents high 
quality habitat for XY. myoides and H. chrysogaster 
may help to explain the poor capture rates for water 
mice in freshwater swamp and wet heathland in 
south-eastern Queensland, including Bribie Island, 
as well as the improved capture rates in situations 
where the availability of potential prey is higher, 
such as at Second Lagoon. A non-preference for 
freshwater environments, at least exhibited by 
coastal populations of these rodent species, may 
account for why Smith (1981) only recorded a 
single capture of X. myoides and rare captures of 
H. chrysogaster in swamp forest on Kinaba Island 
after exceptionally wet nights when the water level 
across the island was high. He proposes that these 
species may only forage inland when conditions are 
favourable but the alternative, and what seems more 
likely, explanation also considered by Smith (1981) 
is that resources elsewhere were in short supply, 
i.e., flooding had made what may be preferred 
foraging zones in the mangroves and reeds around 
the island’s shoreline inaccessible. In the same way, 
the coincidence of the rare captures of X. myoides 
made at the QUT study site on Bribie Island with 
a period in which deep water filled the dune swale 
suggested the species only utilises the Melaleuca 
open-forest and dense fern understorey of this 
location temporarily, moving into this habitat from 
elsewhere when groundwater levels are raised. 


The relative proximity of the QUT study site to 
Third Lagoon, with its abundant potential prey in 
the form of crabs, and the existence of a connecting 
corridor of Melaleuca open-forest or freshwater 
swamp behind the foredunes, further suggest that 
this permanent lagoon may have been the source 
of the X. myoides individuals trapped in 1984 and 
1985. The corollary of this hypothesis is that it 
and the other coastal lagoons on Bribie Island may 
provide refuge for X. myoides during dry times. 
The discovery of two X. myoides individuals at 
Second Lagoon certainly supports this notion 
but convincing proof was not obtained due to the 
lack of captures made at Third and First Lagoons 
during the present, brief surveys. Nevertheless, the 
hypothesis warrants further consideration, at least 
for the wetlands supporting high crab numbers. For 
this reason, and for the purposes of assessing the 
significance of the lagoon populations of X. myoides 
in the context of the island’s overall water mouse 
population, additional survey effort targeting all of 
the eastern wetlands on Bribie Island is required. 
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Currently, nothing is known of the water mouse’s diet 
in freshwater environments, although it is assumed 
to include invertebrates (Woinarski, 2006). Clearly, 
drawing definitive conclusions about the comparative 
quality of saline versus non-saline habitats for YX. 
myoides must await thorough ecological investigations 
into the species’ foraging behaviour, dietary range and 
prey abundance in freshwater situations. 


Other aspects of the species’ natural history in 
freshwater and brackish environments, such as 
nesting strategies, home range characteristics and 
daily activity patterns, are also yet to be determined. 
In the eastern lagoons of Bribie Island, where 
tidal influences are absent or intermittent, nesting 
constraints are not expected to be as severe as in 
mangrove and saltmarsh areas. Rather than needing to 
build mounds or other structures to provide nests with 
sufficient height to afford protection against regular 
inundation, the species may just construct simple 
tunnels in the many vertical or sloping, root-bound 
banks around the lagoon margins or, alternatively, use 
deadfall or flotsam on or adjacent to the shoreline for 
shelter or nest sites. Also, because littoral habitat often 
forms narrow bands along the shoreline, home ranges 
are expected to be linear and relatively large, as Van 
Dyck (1997) reports for _X. myoides at Canalpin Creek, 
North Stradbroke Island, where the intertidal habitat 
along this southern Moreton Bay coast consists only 
of a thin zone of mangroves adjacent to a supralittoral 
bank. Finally, with limited or no_ tide-induced 
fluctuation in water level of Bribie Island’s eastern 
lagoons, activity rhythms of the nocturnal X. myoides 
will probably only be constrained by the light cycle. 
Confirming such ecological predictions for water mice 
occupying the island’s coastal lagoons will require the 
incorporation of radio-tracking or spooling techniques 
into future studies of the species in these habitats. 


CONSERVATION MANAGEMENT OF THE 
WATER MOUSE ON BRIBIE ISLAND 

The most obvious threat to the water mouse on 
Bribie Island stems from the loss and degradation 
of habitat due to human-induced causes. Given the 
currently recognised significance to X. myoides of 
the intertidal wetlands on both sides of Pumicestone 
Passage (DERM, 2011a), it is likely that the extent 
of water mouse habitat and, consequently, populations 
of the species have decreased on Bribie Island within 
the last 25 years. For example, the former mangrove 
and saltmarsh habitats of the Dux Creek area on the 
island’s south-western coast (see Dowling, 1986) were 
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probably once occupied by X. myoides prior to their 
reclamation for the Solander Lakes (subsequently 
Pacific Harbour) canal estate development (Scott et al., 
2000). Intertidal habitat was either removed altogether 
or its hydrology impeded by the construction of tidal 
flow gates at the Sunderland Drive crossing of Dux 
Creek, upstream of the estate. Alteration of natural 
hydrology is a known threat to intertidal vegetation 
communities and, as aresult, to.XY. myoides populations 
(Gynther & Janetzki, 2008; DERM, 2011a). To a lesser 
extent, additional habitat for the water mouse further 
north at the mouth of Wright’s Creek (Dowling, 1986) 
was probably lost during development. At the time 
approvals for this development project were granted 
and the area cleared in the mid 1980s (Scott et al., 
2000), little was known about _X. myoides in south- 
eastern Queensland, including its occurrence on 
Bribie Island or the significance of intertidal habitats 
for the species. In light of the current, much improved 
state of knowledge of this threatened rodent, it is 
imperative that all remnant areas of mangrove and 
saltmarsh on Bribie Island and the adjacent mainland 
coast are preserved to maximise the extent of habitat 
available to the species. 


Other threats associated with increased urbanisation 
in close proximity to estuarine environments are 
known to impact on the water mouse. Those suspected 
to be relevant to Bribie Island, but that are as yet 
unproven, include acid sulphate contamination from 
canal construction, regular spraying of mangroves 
and saltmarshes with new generation biting insect 
control agents, and changes in salinity and sediment 
loads caused by increased stormwater run-off from 
hardened surfaces (Owen, 2000; Ball, 2004; Ball et 
al., 2005; Van Dyck et al., 2006; Gynther & Janetzki, 
2008; DERM, 2011a). A potentially insidious threat 
to both intertidal and freshwater wetlands on Bribie 
Island is the increasing and unregulated rate of 
extraction of water from the island’s shallow aquifer 
to support the rapidly expanding urban centres 
(Harbison & Cox, 1998; Armstrong & Cox, 2002). 
Increasing human demand on this natural resource 
is expected to lower the perched water table, thereby 
reducing groundwater discharge both in areas of low 
topographic relief (e.g., dune swales), as well as at the 
marine/terrestrial interface, and may lead to seawater 
intrusion into the aquifer (Armstrong & Cox, 2002). 
AS a consequence, negative effects on freshwater and 
intertidal wetland vegetation communities would be 
expected. Information from baseline surveys or long 
term monitoring programs of X. myoides populations 
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is needed to be able to detect declines in abundance 
and attribute them to particular human activities (see 
Van Dyck et al., 2006). Nevertheless, even without 
positive proof that these human-induced processes 
are directly or indirectly having a deleterious impact 
on X. myoides populations on Bribie Island, all such 
potential threats should be minimised or eliminated. 


An additional threat arising from human activities 
was demonstrated by the significant oil spill from the 
container ship ‘Pacific Adventurer’ on 11 March 2009 
while at sea off North Stradbroke Island. Much of the 
eastern beach of Bribie Island was affected by the spill, 
with small amounts of oil entering the mouths of Second, 
Third and Fourth Lagoons, and some washing a short 
way into the northern end of Pumicestone Passsage 
(G. Bulley, pers. comm.). Oil from marine sources 
can damage the ecology of mangrove and saltmarsh 
communities, thereby impacting on X. myoides 
populations (Gynther & Janetzki, 2008; DERM, 201 1a). 
As the current study now shows, if a significant amount 
of oil were to enter Second Lagoon, it would also have 
the potential to harm this wetland’s littoral habitats and 
negatively affect the resident X. myoides population. 
From the viewpoint of conservation management of 
the water mouse, the eastern lagoons of Bribie Island 
should be identified in risk assessment and emergency 
response planning processes for marine oil spills. All 
efforts should be made through the deployment or 
construction of appropriate barriers to prevent the 
entry of oil into any of these wetland systems or into 
Pumicestone Passage. 


Field work conducted during the present study 
identified a suite of feral species that may threaten 
water mouse populations on Bribie Island. Horses 
were observed in saltmarshes near Gallagher Point, 
where their hoof marks were evident along the 
supralittoral bank. Cattle are also present on the 
island (G. Bulley, pers. comm.), although were not 
seen during the present work. Trampling by cattle 
damages the structural integrity of the supralittoral 
bank and destroys X. myoides nests (Van Dyck et 
al., 2006; Gynther & Janetzki, 2008; DERM, 2011a) 
and the same is expected to be true for heavy, hard- 
hoofed horses. Cattle readily enter the intertidal 
area to browse on the leaves and fruit of Avicennia 
marina (Dowling, 1979; S. Van Dyck & I. Gynther, 
pers. obs.). Grazing by horses on the supralittoral 
bank in areas of saltmarsh may reduce ground cover, 
potentially exposing foraging water mice to greater 
predation risk (DERM, 201 1a). 


Feral pigs are known to occur at Gallagher Point (G. 
Bulley, pers. comm.) and were detected at two eastern 
lagoons, where considerable damage to wetland 
habitat of one lagoon was observed. Such destructive 
foraging activity must reduce the quality of the lagoon 
environments for X. myoides. Furthermore, pigs 
are known to prey upon water mice at nest sites in 
intertidal areas (Van Dyck & Gynther, 2003; Gynther 
& Janetzki, 2008; DERM, 2011la) and this is also 
likely to be true in freshwater and brackish habitats on 
Bribie Island. Current Queensland Parks and Wildlife 
Service management of Bribie Island National Park 
includes considerable effort to trap and bait pigs, and 
planning is in place for trapping and removal of horses 
and cattle (G. Bulley, pers. comm.). Further support 
and funding are required to commence or continue 
these valuable programs. 


Foxes, which are suspected to be predators of X. 
myoides (Van Dyck et al., 2006; Gynther & Janetzki, 
2008; DERM, 2011a), were recorded at two eastern 
lagoons. Given that the distinctive smell of X. myoides 
is noticeable to the human nose (Gynther & Janetzki, 
2008), this odour must be very obvious to foxes, 
particularly at frequently used nest access holes (Van 
Dyck & Gynther, 2003) or in foraging areas where _X. 
myoides individuals lay scent for the purposes of home 
range familiarisation and territorial defence (Van Dyck, 
1997). Queensland Parks and Wildlife Service staff 
currently conduct an incidental program of baiting and 
den fumigation when foxes are discovered (G. Bulley, 
pers. comm.). This program should be continued in an 
effort to eliminate foxes from the island. 


Van Dyck (1997) identifies Cane Toads as competitors 
of X. myoides as they were found to feed on crabs, 
marine pulmonates and amphipods in the mangroves 
at one intertidal site on North Stradbroke Island. Cane 
Toads were present at all eastern lagoons surveyed on 
Bribie Island. They were most abundant at Second 
Lagoon, where they represented more than 22% of all 
captures (Table 3). Toads foraged in the same stands 
of sedge utilised by X. myoides, as demonstrated by 
the capture of a large Rhinella marina individual 
in the same trap that had caught a water mouse the 
previous night. Although a dietary study remains to be 
conducted, it is likely that this introduced amphibian 
also competes with X. myoides for food around these 
fresh or brackish lagoon systems. Effective control 
of R. marina in such environments is problematic 
given the breeding potential of the species but could 
include the regular, manual removal of toads from 
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around the margins of the wetlands, with detection 
aided by searching for the eyeshine of these animals 
at night. Although laborious and time-consuming, 
such a program would have greater value if combined 
with an investigation of the toads’ stomach contents 
to ascertain the nature and level of threat R. marina 
poses to _X. myoides in these wetland environments. 
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THE DISTRIBUTION AND DENSITY OF THE SQUIRREL GLIDER 


BELL, S.L, BREARLEY, G.K & BRADLEY, A.J 


The distribution of the squirrel glider (Petaurus norfolcensis) extends for 3,000 kilometres along the eastern 
coast of Australia. Human-induced habitat loss and fragmentation is a major factor resulting in the decline 
in distribution of this species. Records indicate the presence of the squirrel glider on a number of the islands 
off the coast of southeast Queensland, where the threatening processes of fragmented mainland habitat are 
reduced or absent. The main aims of this study were to determine the presence of the squirrel glider on 
southeast Queensland islands, and to estimate the density of these populations to determine whether there 
is any difference in density between island and mainland populations. Trapping surveys were conducted on 
Fraser Island, Moreton Island, North Stradbroke Island, Peel Island, South Stradbroke Island, Woogoompah 
Island and Coomera Island. Surveys were also conducted in three mainland patches. Results of the study 
confirmed that the squirrel glider exists on five of the seven islands. Density estimates for island populations 
ranged between 3.01 and 8.48 individuals ha’ with an average (+ s.e.) of 4.94 + 0.55 individuals ha''. Island 
population densities were not significantly different from mainland populations, which had an average 
density (+ s.e.) of 4.12 + 0.53 individuals ha‘. Overall, the study provided up-to-date records for the squirrel 
glider on islands in southeast Queensland, as well as new information on population densities in this species. 
Results highlight the importance of retaining large areas of bushland (>700 ha) on the mainland to ensure the 
long-term persistence of populations of the squirrel glider. 


S.L. Bell (sarah. bell@uq.edu.au), A.J. Bradley. School of Biomedical Sciences, The University of Queensland, 
St Lucia QLD 4072. G. K. Brearley, Landscape Ecology and Conservation Group, School of Geography 
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INTRODUCTION 
Off-shore islands have been largely insulated from the 
threatening processes of European colonisation that 
have taken place on the Australian mainland (Eldridge 
et al., 2004). This has resulted in islands playing an 
important role in conserving many of our mammal 
species. Evidence of this is provided by Burbidge et 
al. (1997) who identified nine mammal species that 
were once widespread on the Australian mainland 
being now restricted to islands. These include the 
eastern quoll (Dasyurus viverrinus), carpentarian 
antechinus (Parantechinus mimulus), western 
barred bandicoot (Perameles bougainville), boodie 
(Bettongia lesueur), Tasmanian bettong (Bettongia 
gaimardi), banded  hare-wallaby (Lagostrophus 
fasciatus), Tasmanian pademelon (Thylogale 
billardierii), djooyalpi (Leporillus conditor), and 
djoongari (Pseudomys fieldi). In addition, there are 
a further ten mammal species listed as “endangered” 
or “vulnerable” that occur on mainland Australia, but 
also have populations persisting on islands (Burbidge 
et al., 1997). The protective role that islands play has 
been recognised and implemented into management 
plans by temporarily housing many mammal species 
that are threatened on the mainland. This action has 


been taken in the hope that these species can be re- 
introduced to mainland habitats once the threats to 
their survival have been managed (Abbott, 2000; 
Langford & Burbidge, 2001; Cardosa et al., 2009). 


One such species that has taken refuge on islands is the 
squirrel glider (Petaurus norfolcensis). The squirrel 
glider is a small (180-300 g) arboreal marsupial that 
requires tree hollows for nesting and refuge. The 
species diet primarily consists of nectar and pollen, 
sap, gum and invertebrates (Sharpe & Goldingay, 1998; 
Smith & Murray, 2003). The squirrel gliders preferred 
habitat is dry eucalyptus forests and woodlands at 
an altitude below 300 m (Quin, 1993; Rowston et 
al., 2002). As a result of habitat loss on mainland 
Australia, the distribution and population numbers of 
the squirrel glider is declining (Eyre, 2004; Rowston, 
1998; Rowston et al., 2002; van der Ree et al., 2004). 
In the southern half of its range the squirrel glider 
is listed as “threatened” (Kavanagh, 2004; van der 
Ree et al., 2004) and although listed as “common” in 
Queensland, the squirrel glider has been identified as a 
priority species and its conservation status is in need of 
review (Eyre, 2004). Recently, a population viability 
analysis on a metapopulation of squirrel gliders living 
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TABLE 1. WildNet information database records for the squirrel glider (Petaurus norfolcensis) on islands in southeast Queensland. 
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(Department of Environment and Resource Management, Accessed 2011) 


[ston «Rms Cid Petrus 
Fraser Island Sighted (1995, 1997, 2001) Sighted (1975), Captured (1975) 
Moreton Island Sighted (1977, 1982, 1988, 1992) Sighted (1982, 1992) 


North Stradbroke Island Sighted (1993, 1995, 2001, 2002, Sighted (1972, 2001) 
2005, 2007, 2008) 


South Stradbroke Island Sighted (2000, 2004), Captured (2006) 





in Queensland revealed a high likelihood of extinction 
within the next 100 years (Goldingay & Sharpe, 
2004; Goldingay et al., 2006). Without reducing the 
amount of habitat clearing and improvement in the 
connectivity of bushland fragments, the survival 
likelihood of this species in the future is very uncertain. 
This is particularly true in highly modified landscapes, 
such as urban areas, because wildlife populations are 
exposed to enhanced mortality rates that often arise 
from multiple threatening processes (Rhodes et al., 
2011). The threatening processes that are responsible 
for the population declines on the mainland are 
reduced or even absent on some islands with the 
majority of the land being protected under National 
Park or Conservation Park legislation. As a result 
these islands could provide important conservation 
areas for this species to ensure their persistence in the 
future. 


WildNet, a computerised information database on 
Queensland’s wildlife, has records for the squirrel 
glider from four islands, including Fraser Island, 
Moreton Island, North Stradbroke Island and South 
Stradbroke Island (Department of Environment and 
Resource Management, [DERM] Accessed 2011) 
(See Table 1). The accuracy of this information 
is questionable being based on very few recent 
records, the majority of which were obtained 
through sightings rather than the more reliable 
form of identification derived from capture and 
handling. The closely related sugar glider (Petaurus 
breviceps) is very similar in appearance to the 
squirrel glider, and capture ensures accuracy of 
species identification. There are also several islands 
that lack any records, most likely due to a lack of 
research being conducted on island populations. 


Studies on the squirrel glider have been conducted 
on South Stradbroke Island (Brearley, 2004; 
Bell, 2005). The high trap success reported on 
South Stradbroke Island indicates much higher 
population numbers and densities compared to 
mainland populations (Brearley et al., 2005). High 
densities of organisms are often associated with 
islands (Rodda & Dean-Bradley, 2002) along witha 
number of other population changes which overall 
have been termed the “Island Syndrome” (Adler 
& Levins, 1994). The high densities are believed 
to be a result of the reductions in major density- 
depressing factors (e.g. competition and predation) 
(Williamson, 1981). Islands generally have lower 
species richness compared to mainland habitats, 
which results in a reduced number of predators 
and competitors (Lomolino, 2005). A reduction 
in predation, on islands, leads to a decrease in 
species mortality rates and an associated increase 
in density (Adler & Levins, 1994). In addition, 
reduced competition leaves more available niches 
and associated resources for existing species, 
which results in the habitat being able to support 
a larger number of individuals and this too leads to 
increased densities (MacArthur et al., 1972; Case, 
1975; Abbott, 1977; Case, 1979). 


The primary aims of this study were to determine 
the current distribution of the squirrel glider on 
islands in southeast Queensland, to estimate 
densities in these populations and to compare 
densities between islands and mainland patches. 
Results from this study will provide information 
on squirrel gliders living on islands, and whether 
the species display the high densities associated 
with the “Island Syndrome”. 
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MATERIALS AND METHODS 
ISLAND STUDY SITES 
Seven islands off the coast of southeast Queensland 
were selected for the study: Fraser Island, Moreton 
Island, North Stradbroke Island, Peel Island, South 
Stradbroke Island, Woogoompah Island and Coomera 
Island (Figure 1). There have not been any reports 
or anecdotal evidence of squirrel gliders being 
translocated to the islands in southeast Queensland. It 
is therefore likely that squirrel gliders currently on the 
islands have descended from populations that became 
isolated on the islands when the sea levels rose and 
reached their current levels approximately 8,000 yr BP 
(Sloss et al., 2007). Prior to the sea levels rising, and at 
the end of the last glacial maximum (17,000 yr Before 
Present (BP)), the continental shelf was exposed in 
Moreton Bay, potentially enabling dispersal of the 
squirrel glider and other fauna from the mainland to 
the islands and vice versa (Stephens, 1992). 






Dawn Road Reserve 
mewerage Treatment | 
Works Reserve =). 
Parkinson Conservation | 
Reserve | 





Fraser Island is the world’s largest sand island 
being 120 km long and on average 15 km wide 
and covering an area of approximately 163,000 
ha. At the southern end, two km of water separate 
the island from the mainland. Several survey 
sites were selected around Kingfisher Bay Resort 
in Eucalyptus racemosa dominated woodlands 
and a further two sites were selected at Central 
Station campground where vegetation consisted 
















Fraser Island 


Woogoompah Island 


5 j| south Stradbroke Island 


FIG.1. State map (top image) showing the relative location of the study area in Queensland, Australia (Fraser Island labelled), 
and an enlarged view of the southeast Queensland region, showing the location of the six island and three mainland study 
sites (bottom image). 
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predominantly of Syncarpia hillii and Lophostemon 
confertus (Queensland Herbarium, 2010). 


Moreton Island is 35 km long and 10 km at its 
widest point (Davie, 2004) and covers an area of 
approximately 19,000 ha. It 1s the most isolated island 
in Moreton Bay with 25 km of tidal water separating 
it from the mainland and a treacherous channel of 
water to the south between Moreton Island and 
North Stradbroke Island (Shilton, 2005). Surveys 
were conducted in several sites: Comboyuro, Cowan 
Cowan, Cowan Bypass Road, Benewa Rangers 
Base, Tangalooma Island Resort, Rous Battery and 
Kooringal. Comboyuro and Kooringal trapping 
sites contained a mixture of Corymbia spp., Banksia 
integrifolia, Callitris columellaris and Acacia spp. 
(Queensland Herbarium, 2010). All other trapping 
sites were predominantly E£. racemosa woodlands 
(Queensland Herbarium, 2010). 


North Stradbroke Island is 37 km long and 11 km 
wide and covers an area of approximately 22,000 ha. 
European settlement has been quite prominent on the 
island and the natural habitat has been significantly 
modified (Davie, 2004). There has been a long history 
of mining on North Stradbroke Island commencing in 
the 1950’s and between 15 to 20% of the island has 
been disturbed. Survey sites were selected near Blue 
Lake and on undisturbed Sibelco Land to the northern 
part of the island which both contained EF. racemosa 
woodlands (Queensland Herbarium, 2010). 


Peel Island is located on the inland side of North 
Stradbroke Island. It is approximately 400 ha. The 
island was used as a lazaret for leprosy sufferers until 
1959, but is nowa National Park (Davie, 2004). Surveys 
were conducted in several locations across the island 
which covered two different regional ecosystems, 
one was dominated by Eucalyptus tereticornis and 
Corymbia intermedia and the second ecosystem 
contained a mixture of Melaleuca quinquenervia, E. 
tereticornis and Lophostemon suaveolens (Queensland 
Herbarium, 2010). 


South Stradbroke Island covers approximately 2,000 
ha and is 20.6 km long and 2.5 km at its widest point. 
At the southern end, it is separated by 500 m of water 
to the mainland (Southport). To the north is a bar 
called Jumpinpin which separates South Stradbroke 
Island from North Stradbroke Island. This opening 
was not present until 1898 and prior to this time South 
Stradbroke Island and North Stradbroke Island were 


PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 


connected and formed one large land mass known 
as Stradbroke Island (Salter, 2002). It is thought that 
Stradbroke Island and possibly Moreton Island were 
once joined to the mainland at Southport, forming a 
long narrow peninsula (Salter, 2002). Surveys were 
conducted at the Southport Yacht Club, Tipplers 
North, Tipplers, Couran Cove Island Resort, South 
Couran Water Tower and South sites. All trapping 
sites were in open forest that contained a mixture of 
Corymbia spp., B. integrifolia, C. columellaris and 
Acacia spp. (Queensland Herbarium, 2010). 


Woogoompah Island is approximately 2 km by 3.5 
km wide. This distance includes a substantial area 
of mangroves which becomes inundated with water 
at high tide. It is the closest island to the mainland, 
separated by less than 200 m of water. A single 
survey site was selected, which spread across two 
different regional ecosystems, one dominated by M. 
quinquenervia and the other containing a mixture of 
Corymbia spp., B. integrifolia, C. columellaris and 
Acacia spp. (Queensland Herbarium, 2010). 


Coomera Island is approximately 1.4 km wide and 2.7 
km long. A large proportion of the island is mangroves 
which become inundated with water at high tide. A 
single survey site was selected in woodland containing 
M. quinquenervia, E. tereticornis and L. suaveolens 
(Queensland Herbarium, 2010). 


MAINLAND STUDY SITES 

Dawn Road Reserve is located in Moreton Bay Regional 
Council and is a conservation reserve covering a total 
area of 52 ha. It is surrounded by housing estates and 
it is located approximately 13 km north of Brisbane’s 
Central Business District (CBD), QLD. The regional 
ecosystem for the trapping site was dominated by E. 
racemosa (Queensland Herbarium, 2010). 


Parkinson Conservation Reserve is located in 
Brisbane City Council and is approximately 20 km 
south of Brisbane CBD, QLD and covers a total area 
of 200 ha. Parkinson bushland provides a critical link 
in a corridor of bushland that connects Karawatha, 
Greenbank and Flinders Peak. The regional ecosystem 
for the trapping site was dominated by Eucalyptus 
racemosa (Queensland Herbarium, 2010). 


Sewerage Treatment Works Reserve is located in 
Redland Shire Council and is located approximately 
22 km east of Brisbane CBD, Queensland. It covers 
an area of 210 ha but there are three more reserves 
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TABLE 2. Study areas, trap effort and trap success. Island/patch size (ha) is an approximate measure and does not include the 
areas of tidal mangroves surrounding the islands. Table shows number of traps, and the number of trap sites, followed by the 
number of squirrel gliders captured (Ind. = number of individual squirrel gliders captured; Tot. = number of squirrel glider 
captures including recaptures) and trap success (%). See Appendix | for further break down of this data. 
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surrounding this area making one large section of bush 
approximately 300 ha in area. The regional ecosystem 
for the trapping site was dominated by E. tereticornis 
and C. intermedia (Queensland Herbarium, 2010). 


FAUNA TRAPPING 

Live capture was the primary method employed to 
survey the squirrel glider. Modified Mawbey traps 
(Mawbey, 1989) were erected in each of the study 
sites with the addition of several Elliott type A traps 
measuring 80 mm x 90 mm x 130 mm (Elliott Scientific 
Co., Victoria., Australia). Traps were mounted in trees 
on wooden brackets, 3-5 m above the ground and baited 
with honey. Traps were operated for four consecutive 
nights and animals were cleared from traps at first light. 
Trapping took place between July 2006 and March 2009. 
See Table 2 for details on trapping effort for each of the 
study sites. The three mainland sites and four island sites, 
Comboyuro and Kooringal (Moreton Island), Tippler’s 
(South Stradbroke Island) and Woogoompah Island, 
were trapped every six weeks for a minimum period of 12 
months. The mark-recapture data collected from trapping 
surveys enabled the calculation of densities for these sites. 
Traps were spaced 50 m apart and were spread across an 
area of 3.25 to 6.5 ha. Global Positioning System (GPS) 
coordinates were collected for the outside traps and the 
area within was calculated in GIS software. 


DATA COLLECTION 

Injectable Radio Frequency Identification (RFID) 
Implants (Allflex, Capalaba, Queensland, Australia) 
were inserted subcutaneously between the shoulder 
blades of each individual captured. RFID implants 
allocate a unique number to each individual which can 
be scanned to enable identification upon recapture. 
RFID implants are similar to Passive Integrated 
Transponder (PIT) tags and have been found to have a 
lower incidence of failure/loss compared to the use of 
ear tags in a similar species; southern flying squirrel 
(Glaucomys volans) (Fokidis, 2006). Throughout 
the study, one RFID implant failed and two RFID 
implants were lost. Therefore the RFID implants used 
in the squirrel glider had a failure/loss rate of 0.98%. 
In addition a small ear notch was collected for DNA 
purposes which also enabled visual identification of 
individuals which had been previously captured. 


Population size estimates were calculated for each 
census by determining the minimum number known 
to be alive (MNA). The MNA method assumes that 
an individual not captured during a census, but known 
to be present before and after that census, is present 
in the area despite not actually being caught (Krebs, 
1999). This method ensures that trap-shy individuals 
that are rarely caught are included in the estimate 
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TABLE 3. Density (number of individuals per hectare) of squirrel gliders on mainland and island sites in southeast Queensland. 


Study site Density range Mean density + s.e. 
(individuals ha") (individuals ha") 
Comboyuro, Moreton Island 2.7-4.2 3.58 +0.17 


Kooringal, Moreton Island 5.3 - 8.5 6.49 + 0.29 
South Stradbroke Island 5.7,- 11,9 8.48 + 0.21 


Woogoompah Island 2.3-3.9 3.01 + 0.13 
Dawn Road Reserve 2.7-54 417+0.18 
Parkinson Conservation Reserve 42-84 6.83 + 0.30 





Sewerage Treatment Works Reserve 14-42 2.45 + 0.10 


(van der Ree, 2002). The first two and final census 
MNA estimates were excluded. Owing to the lack 
of home-range data, the average MNA estimate was 
then divided by the area of the trapping grid to give 
an estimate for density in individuals per hectare. The 
density estimates calculated will be inflated due to the 
home ranges of some individuals captured within the 
trapping grid lying partly or mostly outside of this 
area, resulting in the effective trapping area being 
greater than the actual trapping grid area. 


STATISTICAL ANALYSIS 

All analyses were completed in GenStat (VSN 
International, 2010). For comparisons of density 
estimates data were log-transformed and a REML 
linear mixed model was used. Site type (island/ 
mainland) was specified as a fixed effect and individual 
site was a random effect. Significance of fixed effects 
was assessed through Wald F-tests and random effects 
of individual sites were predicted. The significance of 
the random effect (individual site) is based on deviance 
difference chi-square tests, AD = D,— D,, where D, is 
the deviance of the full model and D, is the deviance 
from the reduced model where the random term 
(individual site) has been dropped from the model. 


RESULTS 

PRESENCE AND TRAP SUCCESS 

The presence of the squirrel glider was confirmed on 
five of the seven islands, including South Stradbroke 
Island, Woogoompah Island, North Stradbroke Island, 
Moreton Island and Fraser Island (Table 2). No 
captures or observations were recorded for Peel Island 
or Coomera Island. Trap success for the islands which 
had squirrel gliders present, ranged from 3.4% (Fraser 
Island) to 31.9% (South Stradbroke Island) with an 
average of 14.44%. The mainland study sites had an 


average trap success of 12.4%. See Table 2 for details 
on trapping effort and success during the study. 


DENSITY ESTIMATES 

The range and mean density estimates can be found 
for each study site in Table 3. The mean density (+ 
s.e.) for squirrel gliders on the islands in southeast 
Queensland ranged from 3.01 + 0.13 individuals ha" 
(Woogoompah Island) to 8.48 + 0.21 individuals ha’! 
(South Stradbroke Island). On the mainland, density 
estimates ranged from 2.45 + 0.10 individuals har! 
(Sewerage Treatment Works Reserve) to 6.83 + 0.30 
individuals ha! (Parkinson Bushland). The average 
mean density (+ s.e.) across all island populations 
was 4.94 + 0.55 individuals ha' which was slightly 
higher but not significantly different from mainland 
populations at 4.12 + 0.53 individuals ha! (F =0.21; 
df = 1,5; P = 0.665). There was a significant variation 
in density estimates across study sites (y’?=/1/.84, df 
=], P< 0.001). 


DISCUSSION 
This study confirmed the presence of the squirrel 
glider on Fraser Island, Moreton Island, North 
Stradbroke Island, South Stradbroke Island and 
Woogoompah Island. The results align with records 
in the WildNet information database (DERM, 
Accessed 2011), however the presence of squirrel 
gliders on Woogoompah Island is the first record 
for this species on this island. Woogoompah Island 
currently has no permanent human habitation, but 
historically the island has been extensively cleared 
for cultivation and cattle grazing as can be seen in 
Figure 2. It is unlikely that the amount of vegetation 
on the island in 1955 would have been able to support 
large populations of squirrel gliders. As a result, the 
current population is likely to be due to either the 
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persistence of a small number of individuals surviving 
in the reduced habitat area, or due to translocation of 
individuals from other areas. 


Squirrel gliders were not found on Peel Island or 
Coomera Island, which were the two smallest islands 
included in the study. These results follow the rule that 
species richness (the number of separate species) on 
islands declines with decreasing island size (MacArthur 
& Wilson, 1967). The habitat clearing on the mainland 
is creating bushland fragments surrounded by urban 
edges (houses/roads etc), which limits the opportunity 
to disperse into or from a population. Edges also 
increase the exposure of an individual or populations 
to predation. In many cases, urban fragmentation 
results in the habitat patch resembling that of an island. 
The smallest island supporting populations of squirrel 
gliders is Woogoompah Island with an area of 625 ha. 
These results suggest that a minimum patch size of 
several hundred hectares may be required to support 
populations of the squirrel glider. Management plans 
for this species should take this into consideration, 
and where minimum patch size cannot be reached, 
connectivity needs to be maintained through the use 
of wildlife corridors. 





Following recent studies by Brearley et al. (2010), 
Peel Island contains habitat that comprises ideal 
components for the persistence of the squirrel 
glider, including abundant tree hollows and many 
reliable flowering understorey and overstorey tree 
species including M. quinquenervia, E. tereticornis, 
L. suaveolens and C. intermedia. As a result, it is 
unlikely that resource availability is a determining 
factor explaining the squirrel glider’s absence from 
this island. Conversely, it is possible that a random 
stochastic event such as disease or fire could have 
eradicated the original population, and being an island, 
recolonisation was unable to take place. 


A possible explanation for the absence of the squirrel 
glider on Coomera Island is that it was cleared in 
the past to a similar extent as Woogoompah Island. 
In addition, only a small section of the island has 
essential nesting and foraging vegetation for the 
squirrel glider. A large proportion of Coomera Island 
is dominated by Casuarina glauca (Queensland 
Herbarium, 2010), which like other Casuarina sp., is 
an unreliable flowering understorey tree species based 
on production of nectar and pollen food sources for the 
squirrel glider (Brearley et al., 2010). Casuarina spp. 


FIG. 2. Aerial images of Woogoompah Island from 1955 and 2002 showing the extent of habitat clearing for cultivation and 
cattle grazing (Queensland Department of Natural Resources and Water, 2008) 
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also do not have the ability to provide nesting hollows 
for squirrel gliders. 


Another interesting finding to come from the 
trapping surveys is the absence of the closely related 
sugar glider on all islands in the study. Fraser Island 
and North Stradbroke Island were not extensively 
trapped, which would have reduced the probability 
of encountering the sugar glider. Furthermore, when 
the two species live sympatrically, the squirrel glider 
is the dominant of the two, and as a result the sugar 
glider occurs in lower densities (Quin, 1995; Traill 
& Lill, 1997). For these reasons, the lack of sugar 
glider captures does not rule out their presence on 
Fraser Island and North Stradbroke Island. Moreton 
Island, South Stradbroke Island and Woogoompah 
Island were trapped more extensively and the lack 
of sugar glider encounters suggests that this species 
does not reside on these islands. The sugar glider 
has been recorded on South Stradbroke Island 
previously (WildNet database, Department of 
Environment and Resource Management, Accessed 
2011), however this record was obtained through 
sighting and not through capture, and as a result 
was most likely a misidentification. 


Original predictions were that squirrel glider 
densities would be higher on islands compared 
to mainland patches. Although the average mean 
density for populations of the squirrel glider was 
slightly higher on islands (4.94 + 0.55 individuals 
ha'') than the mainland (4.12 + 0.53 individuals ha‘') 
the difference was not significant. Further research 
should be carried out incorporating additional 
island study sites to increase the sample size for the 
analysis. More accurate estimates could be obtained 
if estimates were gained from captures from trapping 
grids spread across a larger area or by conducting 
home range studies to collect the information 
necessary to incorporate a boundary strip into the 
area from which density was calculated. 


Squirrel glider populations on South Stradbroke 
Island had the highest density estimate with 8.48 
+ 0.21 individuals ha'!. This is the highest recorded 
population density when compared with other studies 
for this species (Quin, 1995; Rowston, 2000; van der 
Ree, 2002; Shrimpton, 2003; Grimson, 2004; Sharpe, 
2004; Sharpe & Goldingay, 2010). Despite this, 
caution must be exercised when drawing comparisons 
with studies that use different methods, as this can 
significantly influence final density estimates. 
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The results of this study show that island environments 
are capable of supporting similar, possibly even 
greater, densities of squirrel gliders in comparison 
to mainland environments. If the threats are not 
mitigated on the mainland these island populations 
may be relied upon in the future as an important 
conservation avenue for this species. 


CONCLUSION 

The squirrel glider is present on Fraser Island, 
Moreton Island, North Stradbroke Island, South 
Stradbroke Island and Woogoompah Island. This is 
the first recording for this species on Woogoompah 
Island. Conversely, this species is absent from Peel 
Island and Coomera Island, most likely due to the 
small island size or a past stochastic event. Results 
indicate the importance of retaining large areas 
(>700 ha) or maintaining connectivity of bushland 
on the mainland to support viable populations of 
the squirrel glider into the future. The study found 
that island environments support similar densities of 
squirrel gliders to those on the mainland. If mainland 
habitats continue to decline, islands may become 
important conservation areas that may be relied upon 
as important insurance populations for this species. 
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APPENDIX 1. Squirrel glider capture information from all island study sites. Table displays the GPS coordinates of each 
of the island trapping sites, followed by the number of traps, the number of trapping nights, the number of squirrel gliders 
captured (including recaptures) and the number of individuals in brackets. The final column reports on trap success for each 
of the sites. 


Study Site GPS Coordinates No. Of Trapping No. Trap 
Traps Nights Captured Success 
% 


SOUTH STRADBROKE ISLAND 


Tsounsoutn ——_[ars-aso0"_iswasear [2 [* aq) 


WOOGOOMPAH ISLAND 


MORETON ISLAND 

[cov Bypas toot [2re7or —[sarssie [s [= [o_o 
Pow bey arinsear—[issavisar [sar fo 

FRASER ISLAND 

Kingfisher 25°23°24.92” | 153°2°7.59” 
Central Station 25°28'11.06" | 153°3719.23" J 12,ssfoo sft ft 


NORTH STRADBROKE ISLAND 
Blue Lake 27°30°41.34” 153°28°41.82” 18 


CRL Amity 27°25°36.32” | 153°27°6.72” 6 
PEEL ISLAND 


COOMERA ISLAND 
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NORTH STRADBROKE ISLAND: AN ISLAND ARK FOR QUEENSLAND’S 
KOALA POPULATION? 


CRISTESCU, R., ELLIS, W., de VILLIERS, D., LEE, K., WOOSNAM-MERCHEZ, O., 
FRERE, C., BANKS, P.B., DIQUE, D., HODGKISON, S., CARRICK, H., CARTER, D., 
SMITH, P. & CARRICK, F. 


South East Queensland (SEQ) is experiencing the fastest human population growth in Australia, with 
attendant challenges for wildlife conservation due to expanding urbanisation. The documented dra- 
matic decline of koalas Phascolarctos cinereus on mainland SEQ has provoked popular suggestions 
that North Stradbroke Island (NSI) should become an “island ark” for koalas. 


A multidisciplinary study was undertaken to determine the status of koalas on NSI. Aboriginal and 
European references to koalas on NSI were collected and analysed. To study koala distribution, direct 
and indirect visual surveys were conducted, whilst habitat use and home ranges were determined by 
fitting 33 koalas with VHF collars and radio-tracking them. Population characteristics, including health 
status, proximate causes of mortality and genetic profile, were gathered from radio-tracked koalas and 
from hospital databases of the Department of Environment and Resource Management. 


Historical and Aboriginal records of koalas on NSI are scarce, but in concert with molecular genetic 
analyses, they indicate that on the balance of probabilities a koala population appears to have occupied 
NSI from before European occupation. There is a consensus based on radio-tracking and visual surveys 
that koalas predominantly occupy the northern two-thirds of the western side of the island, including 
some rehabilitated mining areas and the three urban areas of NSI. The ecological characteristics of NSI 
koalas, including body size, breeding season, reproductive output, home ranges and movements, are 
consistent with those of other Queensland koalas. Compared to mainland SEQ koalas, diseases were 
found to play less of a role in NSI koala mortality, diet appeared to be more reliant on Eucalyptus 
robusta than typical on adjacent mainland areas and NSI koalas exhibited the lowest genetic diversity. 
Koalas on NSI face significant anthropogenic threats now, whilst future threats may include habitat 
destruction and climate change. 


It is concluded that due to several characteristics including their low genetic diversity, NSI koalas are 
unique and the location and population should not be considered an island ark for the rest of SEQ, but 
be conserved and managed as a separate entity. 
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INTRODUCTION 

Habitat loss and fragmentation have been identified 
as the primary causal factor in the decline of 
populations of koalas, Phascolarctos cinereus, in 
the two states containing the bulk of the species’ 
population, Queensland and New South Wales 
(Melzer et al., 2000; Gordon et al., 2006; Natural 
Resource Management Ministerial Council, 2009). 
The situation is so critical that a nomination 
for listing koalas as nationally threatened under 
the Environmental Protection and Biodiversity 
Conservation Act 1999 (EPBC Act) is currently 
under consideration and an “Inquiry into the status, 
health and sustainability of Australia’s koala 
population” by an Australian Senate Committee 
was recently finalised (Commonwealth of Australia, 
2011). Koalas are particularly at risk in South East 
Queensland (SEQ), where Australia’s highest 
human population growth rate and associated 
urban expansion is currently occurring (Australian 
Bureau of Statistics, 2010). In 2004, koalas were 
classified as “Vulnerable Wildlife” under the Nature 
Conservation Act 1992 within the SEQ bioregion 
and the ongoing decline of the species resulted in 
the legislating of the Nature Conservation (Koala): 
Conservation Plan 2006 and Management Program 
2006 — 2016 (Queensland Government, 2006). 
Despite these measures, koala populations in their 
SEQ stronghold continue to decline dramatically 
(EPA, 2007; Preece, 2007; DERM, 2009; Rhodes 
et al., 2011). This decline is mainly a consequence 
of a high mortality rate with proximate causations 
of disease, dog attacks and vehicle strikes (Natural 
Resource Management Ministerial Council, 2009; 
Rhodes et al., 2011). Although the SEQ koala 
population has the highest density and is subject 
to the most intense threatening processes of any 
population in Queensland (Queensland Government, 
2006), there is one region in SEQ that displays a 
very different koala situation: this is Minjerribah 
(North Stradbroke Island, hereafter NSI). 


The NSI koala population is unusual in that the 
mix of threatening processes on the island appears 
to be quite different to those impacting other 
populations in SEQ. Urbanisation is limited on 
NSI, with less than 2% urban footprint and few 
major roads. Accordingly it might be predicted 
that anthropogenic mortality (dog attacks and car 
strikes) might be relatively lower than in most 
other areas where koalas occur in SEQ. Over time, 
the largest quantum of habitat clearing on NSI 
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has resulted from ongoing mining activities on 
the island, though current mine paths and related 
clearing are not occurring in the areas of the island 
regularly used by koalas. Even where there 1s habitat 
loss, as has happened previously on NSI, impacts of 
clearing in the course of mining activities can be 
reduced and potentially reversed if an appropriate 
mine site rehabilitation strategy is employed. This 
is in stark contrast to the permanent destruction of 
koala habitat produced by urbanisation and most 
agricultural or industrial activities. 


If, as first suggested by Weigler et al. (1988), 
increased prevalence of chlamydiosis in koalas is 
precipitated by stressors (such as destruction of 
habitat and consequential disturbance factors), the 
lower habitat disturbance on NSI than on mainland 
SEQ might be predicted to result in a lower 
prevalence of diseases in NSI koalas. Indeed the 
stress of habitat loss induced by urbanisation could 
be a contributing factor to disease, which currently 
is the numerically greatest condition requiring 
koalas to be admitted for care in other parts of SEQ 
(Rhodes et al., 2011). The most threatening diseases 
for koalas are those in which bacteria of the family 
Chlamydiaceae are the aetiological agents (Weigler 
et al., 1987; Booth & Blanshard, 1999). Relatively 
recently, it has been found that most koalas are 
infected with a gammaretrovirus (Koala Retrovirus 
- KoRV, Tarlinton et al., 2005), but although it has 
been associated with neoplastic disease in koalas 
(especially in captive animals), of those wild koalas 
succumbing to infectious disease, morbidity and 
mortality due to chlamydiosis is up to an order of 
magnitude greater than reported cancer rates in 
wild koalas (Carrick, 1996; Tarlinton et al., 2005). 
Chlamydiosis causes mainly urogenital and ocular 
infections (Brown & Grice, 1986; Girjes et al., 1988; 
Jackson et al., 1999; Higgins et al., 2005). Whilst the 
koala retrovirus is associated with leukaemia and 
lymphoma (Tarlinton et al., 2005), the aetiology has 
yet to be unequivocally confirmed. 


A significant potential issue that NSI koalas could 
be facing as an island population is a low genetic 
diversity and possible inbreeding due to a small 
population size and isolation (Houlden et al., 
1996b). Testicular abnormalities have been reported 
as a possible consequence of genetic bottlenecking 
and inbreeding in southern Australian populations 
such as Kangaroo Island (Seymour et al., 2001; 
Cristescu et al., 2009). 


NORTH STRADBROKE ISLAND: 
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The NSI population of koalas is also unusual because 
it is thought to be an endemic island population, one 
of only two contemporary naturally occurring island 
populations of koalas in Australia (the other being 
Rabbit Island in Queensland, 20°50’S, 148°54’E, 
Ellis, W., unpublished manuscript) and the only 
extant koala population inhabiting a sand island. No 
one knows with any certainty how long koalas have 
occupied NSI, but they have undergone some period 
of isolation and they show genetic differentiation 
from mainland populations (Lee, 2009; Lee et al., 
2010). Their likely survival for a long period of time 
as a relatively small island population is interesting 
for genetic theories of isolation, inbreeding and 
population viability. In contrast to southern Australian 
island populations of koalas, neither NSI koalas nor 
any of the other populations (natural or artificial) 
on Queensland islands have ever been described as 
overabundant; whilst this is a characteristic frequently 
associated with the southern island populations 
(Victorian Government, 2004). The reasons behind the 
demographic differences of island koala populations 
remain to be clarified. 


The unique NSI koala population is crucial for the 
Species’ conservation both in SEQ, as a relatively 
protected population, and nationally as a key 
to understanding koala population growth and 
equilibrium in situations of geographical isolation. 
Recently, NSI has even been proposed as a potential 
island ark for koalas (SIMO, 2007; McKechnie, 2010): 
a relatively secure place that might provide a source 
to replace some mainland populations in case of local 
extinctions. If NSI were to be an ark for koalas in 
SEQ, the NSI koalas should at least be representative 
of the SEQ populations, be healthy and be protected 
from threats in the long term. Systematic ecological 
research on NSI koalas began only relatively 
recently when a collaborative research partnership 
was established in 2002. This paper discusses data 
gathered during the past decade of koala research on 
NSI, together with historical data to help understand 
the origin, distribution, ecology and genetics of this 
population and to evaluate the potential role of NSI as 
an island ark for the conservation of koalas in SEQ. 


MATERIALS AND METHODS 
NORTH STRADBROKE ISLAND 
North Stradbroke Island is the largest of a group of 
sand islands forming Moreton Bay (27°30’S, 153°28’E, 
about 27,500 ha in area, located approximately 30 
km east-south-east of Brisbane, Queensland). The 


sand forming NSI has been deposited in successive 
episodes, with considerable variations in the amount 
of time different sand dunes have been exposed to 
weathering (Thompson & Ward, 1975). The central 
parts of the island tend to correspond to ancient dunes 
(formed half a million years ago) that are intensively 
leached, eroded and podsolised (deep leached sands in 
Fig. 1 Map 3 from Northcote et al., 1960-1968; ASRIS, 
1991). Old dunes (formed 180,000 years ago) are 
mostly found on the western side of NSI, while recent 
dunes (formed 40 to 20,000 years ago) are found to 
the East and North (Benussi, 1975; Ward, 1978). The 
soils of old and recent dunes are more variable, with 
siliceous sands leached to a lesser extent, and acid 
peats and saline gley soils in low coastal plains and 
swamps (Northcote et al., 1960-1968; ASRIS, 1991). 


Diversity of flora on NSI tends to decrease with 
increasing dune age, and is the highest in the swamps 
(Westman, 1975). The high rainfall of NSI creates a 
continuous leaching of nutrients partly responsible 
for the associations between vegetation and dune age 
(Thompson & Ward, 1975). Other influences are dune 
topography (which is also linked to the distance to 
the water table), accumulation of organic matter in 
the swamps and varying gradients in salt spray, wind 
intensity and rainfall across the island (Westman, 
1975). Floral associations on NSI have been 
classified into main Regional Ecosystems (REs) by 
the Queensland Herbarium (Queensland Herbarium, 
2009; DERM, 2011b, see Fig. 1). The vegetation of 
the inland dunes is mainly composed of low woodland 
of Eucalyptus mallee. The vegetation of frontal 
dunes comprises Eucalyptus racemosa woodland, E. 
pilularis open forest and Banksia aemula woodland. 
The lowest parts of the island include Corymbia spp. 
open to closed forest, Melaleuca quinquenervia open 
forest to woodland, swamps of Baumea spp., Juncus 
spp. and Lepironia articulate and mangroves (see 
Table S1, Queensland Herbarium, 2009). 


HISTORICAL RECORDS 

European references to koalas on NSI were found 
through an exhaustive search of both primary 
and secondary sources, particularly those in the 
collections of the John Oxley Library (State Library 
of Queensland), the Fryer Library (The University 
of Queensland), the Queensland State Archives and 
the Archives of the Queensland Museum. The local 
(SEQ) historical newspapers were also searched 
online via the National Library of Australia’s 
Digitised Newspapers site. Reports by early explorers, 
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FIG. 1: Compilation of surveys of direct and indirect signs of koalas and sites where no koala signs were recorded (Map 1); 
compared to the distribution of vegetation communities potentially used by koalas (Map 2) and soils (Map 3) 
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settlers and naturalists as well as contemporary reports 
of the proceedings of meetings of the Royal Society of 
Queensland, the Natural History Society, the Queensland 
Acclimatisation Society and the monthly meetings of the 
Trustees of the Queensland Museum were examined. As 
a follow up to some of the information retrieved in these 
initial searches, contact was made with the Australian 
Museum (Sydney), Museum Victoria (Melbourne) and 
the Natural History Museum (London). More recent 
articles referring to koalas on NSI were located in the 
Stradbroke Island, Moreton Bay, Clipping Book 1901- 
1972 (Rahnsleben, 1972). 


In order to ascertain the knowledge of koala presence 
on NSI from the traditional owners’ perspective, an 
interview with Minjerribah Moorgumpin Elder Auntie 
Margaret Iselin was conducted on 22 February 2011. 


DISTRIBUTION 

Data from a variety of sources were compiled to study 
koala distribution on the island: 

(1) Surveys of koala faecal pellets (scats) as indicators 
of koala presence were conducted as part of various 
projects in stratified random plots targeting mainly the 
western side of the island (50x50m, N=8 as described 
in Woodward et al., 2008; and 50x10m, N=66 from 
Cristescu, 2011). The plot based searches were 
supplemented with a rapid assessment methodology 
targeting the bases of as many trees as could be searched 
in 30 min (N=54 from Woosnam-Merchez, 2008, and 
N=13 from Woosnam-Merchez O., Hodgkison S. and 
Cristescu R., unpublished data). The rapid assessment 
method sites were chosen to sample both sides of NSI 
as well as to be representative of all major REs (RE, 
Queensland Herbarium, 2009). 


(2) Koala surveys of bushland and urban areas on NSI 
were conducted in September 2008. The bushland 
survey consisted of strip transects (as described in 
Buckland et al., 1993). Five trained observers walked 
10m apart, following a fixed compass bearing, for the 
length of the transects (N=117, surveyed area=149ha) 
looking for koalas in trees (and opportunistically for 
scats on the ground). The surveyed sites were chosen to 
allow all major REs (Queensland Herbarium, 2009) to 
be sampled. The urban koala survey was conducted in 
one day as a total count. The survey included searches 
of street trees, parks and as many private yards as 
possible, when property owners granted access. Trained 
observers accompanied by volunteers conducted the 
urban surveys, which were repeated in 2009 and 2010 
(Redland City Council (RCC), unpublished data). 


(3) Another index of koala presence was recorded by 
the first author who opportunistically collected koala 
sightings and signs of their presence (scats and skulls). 


(4) Finally, sightings were extracted from DERM 
WildNet and Koala Hospitals’ databases (1973 to 2007). 


All locations recorded by the authors (established by 
handheld GPS devices; Garmin, eTrex®H, USA) or 
extracted from DERM databases were projected onto 
a RE map (Queensland Herbarium, 2009; DERM, 
2011b) in ArcGIS® 9.3.1. 


GENERAL ECOLOGICAL CHARACTERISTICS 
SIZE - To study koala ecology on NSI, 33 koalas 
(12 males, 21 females) were captured between 2002 
and 2010. All koalas were detected during standard 
searches based predominantly on the western side of 
NSI. Once located, koalas were encouraged down the 
tree by waving a plastic bag attached to a pole above 
their heads and were then captured as they reached 
the ground (Ellis et al., 1995). The gender, body 
mass, head length and head width were recorded from 
captured individuals. The same data were gathered 
from koalas found deceased on the island and 
necropsied by the first author; these measurements 
were used in calculating koala mean size (only for 
koalas that died from traumatic injury and that were in 
good body condition). The parameters of size met the 
assumptions of normal distribution and homogeneity 
of variances (Levene’s test), which were compared by 
Analysis of Variance (ANOVA) with PAWS Statistics 
18.0 (IBM, 2009). The level of significance was 
taken to be p<0.05, standard error of mean (SEM) 
and standard deviation (SD) are presented when 
appropriate (Altman & Bland, 2005). 


REPRODUCTION - Breeding information was 
collected from captured or injured/dead females with 
young (N=24). Pouch young (N=5) were observed 
without removal but when possible, back young 
(N=11) were weighed and measured to allow their 
age to be precisely calculated (Tobey et al., 2006). 
The timing of birth and, therefore, mating (breeding 
season) was then estimated. 


HEALTH AND CAUSES OF MORTALITY - Koala 
body condition (Ellis & Carrick, 1992) was assessed 
and blood samples were collected (5 ml, cephalic 
vein, N=15). All male koalas (N=24) were checked 
for testicular abnormalities. Koalas were tested for 
infection with Chlamydophila sp. (N=20, Ellis W., 
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personal communication) using PCR (Ellis et al., 
1993) and for koala retroviral signatures using PCR 
(N=8, Lee, 2009). Injured or sick koalas found on NSI 
and evacuated to the mainland for treatment (Australia 
Zoo Wildlife Hospital, Australia Zoo or Moggill Koala 
Hospital, DERM) are recorded in a DERM database. 
Records of NSI koalas were available from 1997 to 
2010. Koalas found dead on the island underwent 
necropsy to determine the cause of death (N=14, 
Cristescu R., unpublished data). Number of koala 
deaths by gender and cause of death were aggregated 
from these two sources (DERM and necropsies). 


HOME RANGES AND MOVEMENTS 

Very high frequency (VHF) radio-collars emitting 
signals between 150-152MHz (Titley Electronics, 
Australia) were fitted around the necks of the 33 
koalas captured. The collars were used to locate each 
koala by radio-tracking their specific frequency at 
approximately two weekly intervals for a duration 
of on average 496 days (SD=322). Koala locations 
and the tree species in which they were found were 
recorded. Home ranges were calculated with the 
Home Range Tools 1.1 for ArcGIS® (Rodgers et al., 
2007), using the kernel density estimation method, 
with the standard Gaussian curve (Worton, 1989). 
On the basis of the Schoener index (Schoener, 1981), 
the variances of the coordinates were unequal, thus 
the data were standardised using a fixed kernel 
(Seaman & Powell, 1996), with a smoothing 
factor calculated by least squares cross validation 
(Worton, 1995). Home ranges were calculated based 
on isopleths of 50%, 90% and 95% of the volume 
contours. The areas of the home ranges, as well as 
the areas of each RE composing these home ranges, 
were extracted in ArcGIS 9.3.1. Four koalas were 
located on seven consecutive days (in February 
2005) to study daily movement patterns. 


DIET 

Koala diet was determined from fresh scats collected 
from beneath radio-tracked koalas. Scats were 
crushed, dyed and examined microscopically to 
reveal leaf cuticle morphology (stomata in particular), 
thus enabling identification by comparison with a 
reference leaf cuticle library (as described in Tun, 
1993; Hasegawa, 1995; Ellis et al., 1999). Results 
were combined from two periods of time (2004/2005, 
8 koalas, Woodward et al., 2008 and 2008/2009, 5 
koalas, Cristescu, 2011). The diets of four koalas 
tracked for seven consecutive days in 2005 were also 
analysed in order to determine day-to-day variability. 
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Comparisons of tree species in koala diets were based 
on similarity matrices, which were constructed using 
the Bray-Curtis measure (Bray & Curtis, 1957) on 
the square-root-transformed tree species present in 
each sample (N=120). Differences in diet between 
koalas, seasons and years were tested by Analyses 
of Similarities (ANOSIM, Clarke & Gorley, 2006), a 
multivariate equivalent of ANOVA based on similarity 
matrices (Clarke, 1993). The differences in diets 
of four koalas across seven consecutive days were 
analysed with two-way crossed ANOSIM, which were 
performed using Primer 6 (PRIMER-E Ltd., 2001). 


GENETICS 

Ear tissue samples (N=36) were collected from 
captured koalas using standard techniques (Ellis et 
al., 2002a) to enable genetic analyses. Genotypes 
based on six microsatellite loci (Houlden et al., 
1996a) were available for these 36 NSI koalas and 
for 769 koalas from adjacent mainland areas (Lee, 
2009; Lee et al., 2010). 


The mean number of alleles was estimated, as well 
as the number of private alleles, the expected and 
observed heterozygosity levels (Nei, 1978) and the 
unbiased estimator for Ff, (Weir & Cockerham, 
1984) using GENETIX version 4.05.2 (Belkhir et al., 
1996-2004) and GENALEX 6 (Peakall & Smouse, 
2006). Mean allelic richness (mean number of alleles 
corrected by sample size to allow comparisons) of NSI 
and two southern Australian island koala populations 
(French Island and Kangaroo Island from Cristescu et 
al., 2009) were compared by the statistical technique 
of rarefaction (Kalinowski, 2004) using the HP-rare 
program (Kalinowski, 2005). 


Genetic bottleneck signatures were investigated using 
two tests available in BOTTLENECK 1.2.02 (Piry 
et al., 1999): the sign test (Cornuet & Luikart, 1996) 
used under the infinite alleles model, which seems to 
be the most adapted for koalas (Cristescu et al., 2010) 
and the shift test (Luikart et al., 1998). The level of 
inbreeding was assessed by calculating the individual 
Internal Relatedness (IR, Amos et al., 2001). Values 
for IR can range from -1 for outbred individuals, to 
+1 for inbred individuals. The IR was calculated with 
an Excel macro using the formula provided in Amos 
et al. (2001). 


We calculated Nei’s unbiased genetic distances 
(D) between koalas in Local Government Areas 
(LGAs) of SEQ using Genetix 4.02 (Belkhir et 
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al., 1996-2004). As the LGAs are not synonymous 
with biological populations, the genetic structure of 
koalas from NSI and from adjacent mainland regions 
of the Gold Coast (n=48) and Redlands (n=62) were 
also compared. These two mainland regions were 
selected because Redlands is geographically the 
closest mainland location to NSI koalas, being directly 
opposite to and at some locations less than 5km away 
from NSI; whilst the Gold Coast was selected because 
it was found to be most genetically similar to NSI (Lee 
et al., 2010). The genetic structures of koalas from NSI, 
Gold Coast and Redlands were determined based on 
their genotypes using the Bayesian clustering program 
STRUCTURE 2.2 (Pritchard et al., 2000). To infer the 
number of genetic clusters (K), twenty independent runs 
of models K=1 to K=7 were used, deduced by posterior 
probabilities [Ln P(D)] using 100,000 iterations after 
a 100,000 iteration burn-in period. The average Ln 
P(D) for each K was plotted to determine the highest 
likelihood and the number of population clusters was 
determined by calculating AK (Evanno et al., 2005). 
Koalas were assigned to a particular cluster if they had 
a probability of membership to that cluster (q-value) 
>0.8. Koalas with a q-value between 0.19 and 0.79 
were regarded as mixed or hybrid animals (Lee, 2009). 


RESULTS 

HISTORICAL RECORDS 

As early as August 1831 William Holmes, collector 
from the newly established Colonial Museum in 
Sydney, visited Amity Point to acquire specimens. 
Unfortunately, he accidentally shot himself fatally 
during his visit and the Australian Museum does not 
possess any of his material (records or specimens) 
and there are no other records or reports of koalas on 
the island at this early stage of colonisation (e-Mail 
from Vanessa Finney, Manager Archives and Records, 
Australian Museum 18 August 2009). No record 
of koalas (or most terrestrial vertebrates present on 
the island) was found from early records of other 
explorers, settlers and naturalists. In 1895, Archibald 
Meston even asserted, “On Stradbroke, wallabies 
of various kinds and kangaroos are numerous, but 
there is not a possum, squirrel [1.e. glider] or bear 
[i.e. koala] on the whole island... The absence of 
all tree climbing animals on Stradbroke Island is an 
inscrutable mystery” (Meston, 1895). However, this 
assertion was not based on firsthand knowledge or 
actual field work and is of dubious scientific value, as 
koalas and various gliders do occur on NSI (Martin, 
1975). No evidence was found of any translocation of 
koalas or other Australian native mammals onto NSI 


after European occupation, though records of attempts 
to introduce non-native species such as deer and 
rabbits were found in the archives of the Queensland 
Acclimatisation Society (Queensland Acclimatisation 
Society Report, 13 October 1869). 


From more recent records, the earliest observation 
of a koala was reported by Ellie Durbidge in August 
1943, at Point Lookout (Martin, 1975). An article 
from November 29, 1967, entitled “Salad Bowl Star” 
reported that on NSI “wildlife is abundant... the 
occasional koala [is observed]” (Rahnsleben, 1972). 


From the interview with Auntie Margaret Iselin, it 
cannot be confirmed from Aboriginal oral history 
that koalas have been present on the island since 
before the beginning of the 20" century. The old 
grannies of Myora mission used to show Auntie 
Margaret as a child (in the 1940s) the “Bombebi” 
(koala, Muinjerribah Moorgumpin — Elders-in- 
Council, 2011). Auntie Margaret was taught not to 
eat its bitter meat and to be careful not to approach 
Bombebi as they could be quite “vicious” in their 
reaction. Interestingly, the grannies were always 
pointing toward the South of the island and saying 
that Bombebi came from there. 


DISTRIBUTION 

Koala scats were found in 49 sites (plots or groups of trees 
searched in 30min), in 14 locations during the bushland 
survey and opportunistically on 52 occasions. Koalas 
were sighted on eight occasions during the bushland 
survey. Skulls were found on two occasions, whilst 
DERM databases provided a further 35 koala locations. 
Locations of koala presence and sites where no presence 
was detected were recorded (Fig. 1, Map 1). 


Koalas and koala signs were detected in most of the 
sites searched on the western side of the island, except 
in the southern third of the island (Fig. 1, Map 1). 
Vegetation communities in which koala signs were 
detected (their extent is shown in Fig. 1, Map 2) were: E. 
racemosa woodland (RE12.2.6), Corymbia spp. open 
to low closed forest (RE 12.2.5), Melaleuca spp. open 
forest to woodland (RE12.2.7), mangrove shrubland to 
low closed forest (RE 12.1.3), mallee Eucalyptus spp. 
low woodland (RE12.2.10), swamps (RE12.2.15), E. 
pilularis open forest (RE 12.2.8) and non remnant 
areas, including rehabilitated and urban areas. Most of 
the sites on the eastern side of NSI returned no records 
of koalas or their signs, with the exception of Point 
Lookout and its immediate surroundings. The middle 
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TABLE 1. Results of the urban koala counts in 2008, 2009 and 2010 
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TABLE 2. Koala sizes calculated from healthy adult koalas captured during the program or necropsied (for koalas without 
clinical signs of disease prior to death) 
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of the island, which corresponds mainly to low mallee 
woodland vegetation communities (RE 12.2.10), had 
very few signs of koala usage. 

No density or population size could be extrapolated 
from the bushland survey as there were too few koala 
sightings to derive reliable estimates. Compared to the 
time and effort invested in the bushland survey to find 
eight koalas, urban areas provided better results for 
relatively less search effort. Urban surveys detected 
16 adult koalas accompanied by 1 young from the 
year in 2008; 29 adults and 3 young in 2009; and 
21 adults and 7 young in 2010 (see details in Table 
1). Combining surveys, the average density of adult 
koalas in urban areas of NSI was 0.13 koala/ha. 


GENERAL ECOLOGICAL CHARACTERISTICS 
SIZE - The mean adult size of koalas on NSI was 
calculated from 33 healthy individuals and ranged 


from 5.0 to 8.9 kg. Male koalas were larger than 
females (ANOVA, weight: F=59.6, df=32, p<0.001; 
head length: F=123.8, df=29, p<0.001; head width: 
F=58.8, df=25, p<0.001; Table 2). 


REPRODUCTION - The breeding season on NSI was 
estimated to occur between September and March 
on the basis of the age of dependant young (N=16) 
and the time of gestation in koalas (35 days, Lee & 
Carrick, 1989). External examinations of captured 
koalas and of koalas submitted for necropsy were used 
to estimate that the percentage of females carrying 
young was 71% (N=24). 


HEALTH AND CAUSES OF MORTALITY - Koalas 
captured during this study were generally in good 
condition; however, approximately 8% of examined 
males presented with abnormal testicular morphology 
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(N=2). Analyses of blood samples indicated that 
haematological and biochemical values were mostly 
within normal ranges (Canfield et al., 1989), whilst 
some had minor changes likely to be of no biological 
significance (IDEXX Laboratories). Koala retrovirus 
was found in all tested koalas and sub-clinical 
chlamydial infections were detected in four koalas. 
Between 1997 and 2010, 104 koalas were found dead, 
sick or injured on NSI with 82 confirmed deaths (Fig. 
2). The gender was known for 80 dead, sick or injured 
koalas (50 males and 30 females). Three main causes 
of koala morbidity and mortality were determined: 
vehicle strikes (N=35), disease (N=21) and dog attacks 
(N=16). One radio-tracked koala, an adult male of 
7.5kg, was one of the dog-related fatalities. 


HOME RANGES AND MOVEMENTS 

Koala locations were recorded on 795 occasions 
between September 2002 and November 2010. The 
number of fixes per animal was variable (V=2 to 79). 
This was mainly due to collar design, as a weak link 
was incorporated to ensure collars would self-detach 
and preclude the possibility of indefinite attachment 
(especially if the transmitter were to fail and the koala 
thus could not be located); in some cases this safety 
feature gave way after an unexpectedly short period. 
The second reason for variable numbers of fixes 
was that some koalas moved to unreachable areas 
in swamps and could not be accurately located. The 
roosting tree species was identified on 791 occasions 
(Table 3): the two main roost trees were FE. robusta 
(35% of fixes) and Callitris sp. (15%). 
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FIG. 2: Koalas found sick or injured on North Stradbroke 
Island (NSI) and evacuated to mainland hospitals and 
number of NSI koalas returned to and released on NSI after 
hospitalisation (per year) 


TABLE 3. Roost trees used by koalas on North Stradbroke 
Island 
Tree species 
E. robusta 
Callitris sp. 
Melaleuca sp. 
FE. racemosa 
Lophostemon sp. 
E. tereticornis 
Allocasuarina sp. 
E. pilularis 
Banksia sp. 
Corymbia sp. 
Angophora sp. 
E. resinifera 
E. planchoniana 
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Home ranges of 28 koalas were projected on maps 
(21 of these are represented in Fig. 3), while five 
had too few fixes to make this meaningful. In order 
to maximise the accuracy of home range estimates, 
home range sizes were calculated only for animals 
having more than 20 fixes (V=16), and excluded a sub 
adult koala for whom an asymptote in range size was 
not achieved (i.e. “Jundall” had a range size of 132ha 
at the time of estimation); the resulting mean home 
range size was 36ha (SD=22, Table 4). 


The 16 koalas described above were found regularly in 
six of the 17 remnant vegetation communities that are 
present on NSI (see Table S1, Queensland Herbarium, 
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FIG. 3. Home ranges of 21 radio-tracked koalas as indicated by the graded “halos”, with different colours indicating individual 
koalas, projected onto a 2008 airborne laser scan of the island; the illustration shows koalas using undisturbed bushland, 
rehabilitated mining areas and urban areas. It is also evident from the proximity to the ocean and bay, that the areas being 


utilised are the low elevation parts of the island. 


2009). The main REs represented in koala home 
ranges were Melaleuca open forest (12.2.7), swamps 
(12.2.15) and mixed Eucalyptus and Corymbia 
woodland (12.2.6, Table 5). In particular, koalas used 
Melaleuca open forest and swamps respectively 5.2 
and 2.6 times more than the availability of these REs 
would predict. Mine rehabilitated areas were more 
represented in the home ranges of our sample of 16 
koalas than any remnant vegetation. The home range 
results confirm that koalas use urban areas, as radio- 
tracked koalas utilised urban areas 5.3 times more 
than expected based on availability (Table 5), despite 
only two koalas being originally captured there. 


Net daily distances travelled varied from 0 to 441m 
for the four koalas followed over seven consecutive 
days (“Noonie”: 164m SD=92; “Suzy”: 27m SD=42; 


“Emma”: 37m SD=17; “Bundy”: 272m SD=146), with 
a mean of 125m (SD=116). Large scale movements 
were sometimes observed, for instance one koala 
captured near Bayside travelled a minimum of 6.6km 
(calculated as a direct line) in 2.5 months, stopped in 
the vicinity of Brown Lake and then eventually settled 
at Myora; another travelled 6.8km in 5 months from 
Amity swamp into Amity Point township and then to 
the rehabilitated area of the former Amity mine site. 


DIET 

The diets of the four koalas studied across seven 
consecutive days were similar (ANOSIM: R=0.079, 
p=0.24). Thus these samples were not independent for 
the purpose of analysing seasonal variation in diets 
and were excluded from further analysis. For the 96 
remaining samples, the diet differed between koalas 
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TABLE 4. Home range sizes (ha) for koalas having more than 20 fixes (see text for method) classified by gender and decreasing 
order; and the status of the area where koalas were initially located 
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(ANOSIM: R=0.481, p=0.001), between seasons both £. robusta and Lophostemon sp. were represented 


(ANOSIM: R=0.095, p=0.005) and between years 
(ANOSIM: R=0.437, p=0.001). However, there was 
a confounding effect between koalas and years, as the 
group of koalas studied in 2004/2005 differed from 
the 2008/2009 group. 


Though there was substantial seasonal and individual 
variation, an overview of the NSI koala diet can be based 
on the proportion of leaf fragments from each species 
identified in all pellets from all animals. By this index, 
Table 6 shows koalas favoured EF. robusta (34%), then E. 
pilularis (17%), E. racemosa and E. tereticornis (11%), 
followed by E. tindaliae (9%). Globally, 12 species 
were consumed, including 7% of Lophostemon. Another 
way of looking at dietary preference is the proportion 
of pellets in which particular species are detected at all; 


in 58% of all pellets, with £. pilularis present in 49% and 
E. tereticornis in 45% of all pellets. 


Interestingly, in almost half of the observations (58 out 
of 119), the daytime roost tree in which a koala was 
found was not present in its diet for that day or even 
was not a species ever recorded in that individual’s 
diet. The daytime roost tree was the major species 
in the diet observed on the same day in only 27% of 
observations. This could be partly due to the transit 
time of food in koalas (34 to 154 hours, Ellis et al., 
1999); however, generally the roosting species (Table 
3) did not correlate to the diet species (Kendall’s tau 
test=0.182, p=0.41), again confirming that presence 
of pellets under trees cannot be used as a reliable 
indicator of diet in koalas. 
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TABLE 5. Composition of koala (V=16) home ranges - breakdown by different habitats, based on Regional Ecosystems (RE, 


Queensland Herbarium, 2009; DERM, 2011b) 


State of 
vegetation 
ca ac 


Description Area (ha) % in home 
range 


% available 
on the island 


121.4 18.6 3.6 — 2 
intermedia, E. robusta, Lophostemon sp 
Remnant RE swamps ; : ; 
12.2.15 


Remnant RE Melaleuca quinquenervia open-forest 
to woodland with E. tereticornis, C 


E. racemosa, C. intermedia, C. 
gummifera, Angophora leiocarpa and 


Remnant RE 
12.2.6 


- lia, —S 8.1 7.0 —— 
beach ridges usually in southern half of 
bioregion 


Remnant RE 
12.2.5 


Corymbia spp., Banksia integrifolia. 
Callitris columellaris, Acacia spp 
open forest to low closed forest on 


E. pilularis shrubby or grassy woodland 
to open-forest 


Cn Ce 


Remnant RE E. pilularis and E. resinifera open- 25.6 3.9 3.4 1.2 
12.2.8 forest 


Remnant RE 
12.2.10 


mallee forms of C. gummifera, E 
racemosa and E. planchoniana + 





GENETICS 

The genetic variability among NSI koalas based on 
microsatellite DNA results is summarised in Table 7. 
The Fis value was indicative of random mating. The 
mean allelic richness of NSI koalas was 4.0, compared 
to 3.3 on French Island (Victoria) and 2.4 on Kangaroo 
Island (South Australia). 


No evidence of genetic bottlenecks could be detected 
(Sign test: p=0.14, Shift test: normal L-shaped 
distribution, see Fig. 4). The mean IR was close to zero 
(0.09), suggesting little to no inbreeding. However, IR 
coefficients were somewhat variable with six koalas 
having their IR greater than 0.5. 


The mean of Nei’s unbiased genetic distances from 
NSI to other SEQ regions (D=0.863) was higher than 
between any other SEQ population studied (Table 
8). The NSI koalas showed the least distance to the 
koalas of the Gold Coast (D=0.464). STRUCTURE 
clustering analysis of koalas from NSI, Redlands and 
Gold Coast identified K=2 clusters (Fig. 5). The NSI 


ifera, E. 14.8 2.3 17.4 0.1 
Banksia aemula low shrubby woodland 


koalas clustered together with many koalas from the 
Gold Coast, while the majority of the Redlands koalas 
formed the second cluster. Although some koalas 
from the Gold Coast and Redlands showed a mixed 
assignment to the clusters, no koalas from NSI did. 


DISCUSSION 

HISTORICAL RECORDS 

Historical records of koalas on NSI are scarce, but this 
scarcity must be considered in the context that Europeans 
had difficulties detecting koala presence across Australia 
(Martin & Handasyde, 1999). Although there is an 
Aboriginal oral history involving koalas on the island, this 
is not informative as to the origins of the population. It is 
not clear from recollections from Auntie Margaret Iselin 
whether koalas were known to be long term residents of 
the island. The “grannies” told the young Auntie Margaret 
that koalas came from south of the Myora mission. This 
could be understood as either that in the 1940s the bulk 
of the population occurred south of the Myora mission, 
or that koalas came from South Stradbroke Island or via 
the Southern Bay Islands (e.g. Russell Island, Cobby 
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TABLE 6. Tree species present in koala (V=13) diet in decreasing order and percentage of scats containing each tree species 
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TABLE 7. Number of alleles, heterozygosity, internal relatedness and other genetic characteristics of koalas (V=36) 


No of alleles/locus 

No of alleles/locus more frequent than 5% 
No of effective alleles/locus 

Expected Heterozygosity 

Observed Heterozygosity 

Unbiased F,, 


Internal Relatedness 


Island, Tabby Island, etc.). This southern origin of koalas 
is inconsistent with an introduction scenario because 
if Europeans had introduced koalas to NSI, any such 
introduction would have been most likely to have been in 
the northern parts of NSI where early European settlement 
occurred. Furthermore, there is no recorded evidence of 
any introduction despite intensive scrutiny of the records 
of the Queensland Acclimatisation Society. These facts 
favour a natural colonisation of NSA by koalas. 





a 


DISTRIBUTION 

Koala distribution on NSI seems to be mostly 
concentrated on the northern two-thirds of the western 
side of the island. Vegetation alone cannot explain 
this pattern, as similar vegetation communities to 
those favoured by koalas on the western side are 
also present on the eastern side of the island (Fig. 1, 
Map 2). Koala presence could be related to dune age 
as koalas appear to be mainly occupying old dunes, 
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FIG. 4. Allele frequency showing a normal L-shaped 
distribution, in which there is a large proportion of low 
frequency alleles (< 0.1). (Note that no alleles are found at 1 
due to all our loci being polymorphic) 


while avoiding ancient dunes (as defined in Benussi, 
1975). It could be that the combination of mineral 
leaching and accumulation of organic material 
(Thompson & Ward, 1975; Westman, 1975) makes the 
western coast more able to support koalas. However, 
the congruence between age of dunes and soil types is 
not straightforward (Fig. 1, Map 3), with soil patterns 
not matching observed koala distribution patterns. 
One difference between the western and eastern sides 
of the island could be a higher salt deposition on the 
eastern side due to the prevailing wind (east/north- 
east, Australian Government Bureau of Meteorology, 
2004). A final hypothesis is that the current distribution 
of koalas could be the legacy of past fire regimes. Fires 
on NSI have played a major role in shaping vegetation 
communities: for instance 56% of the island was burnt 
between 1995 and 2005 (RCC, unpublished data). 
The effects of large wildfires on the koala population 
are unknown. However, given the intensity and extent 
of these fires, some locations on the island might have 
seen local extinctions and the koala population might 
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still be recovering and recolonising parts of the island. 
More detailed studies are required to clarify the factors 
underlying the current distribution of NSI koalas. 


An interesting characteristic of the NSI koala 
distribution is the relative prominence of the urban 
koala population, which suggests that European 
settlers might have built the townships in high value 
koala habitat. Koalas and people often compete for 
the same fertile parts of the landscape (Lunney & 
Matthews, 1997). The use of fertilisers and artificial 
irrigation in urban areas might also enhance the 
quality of foliage, but this concept remains to be 
tested and can in no way justify any proposal to 
increase urban footprint at the expense of valuable 
koala habitat. Instead, future developments should 
prioritise areas of lower environmental value, such 
as more common vegetation communities and / or 
areas which have previously been disturbed, but not 
subsequently rehabilitated. 


A large part of the western side of the island, which 
is likely to have been prime koala habitat in the past, 
has been mined. However, although koalas would 
undoubtedly have been displaced from these areas 
during the mining operations, they have subsequently 
reoccupied these rehabilitated landscapes. This is an 
encouraging result for habitat restoration in general and 
is an important step to demonstrating that rehabilitated 
areas can develop into functioning ecosystems. This 
relative adaptability of koalas to rehabilitated areas 
has been found in other disturbed habitats such as 
logging areas (Jurskis & Potter, 1997; Kavanagh et 
al., 2007) and landscapes fragmented by agricultural 
and other activities (Gordon et al., 1990; White, 1999; 
Rhodes et al., 2008); it suggests that koalas are more 





Gold Coast 


Redland 


North Stradbroke 
Island 


FIG. 5. Cluster analysis of North Stradbroke Island koalas, their closest geographic neighbour (Redlands) and their closest 
genetic neighbour (Gold Coast) based on their microsatellite genotypes (number of genetic clusters K=2). Two clusters are 
present, indicated in black and grey. Each koala is represented by a vertical bar composed of black and grey indicating their 
relative assignment to each cluster. A bar mostly composed of one colour represent a koala belonging to one cluster (all NSI 
koalas), otherwise koalas are considered as mixed or hybrid (no NSI koalas in this category). 
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adaptable than previously thought (Hume, 1990; Cork 
et al., 2000). However, as is clear from the data for 
SEQ, there are finite limits to this adaptability and 
these limits have been exceeded in significant areas 
(DERM, 2009; Rhodes et al., 2011). 


Although no precise population size could be 
estimated, the number of koalas on NSI could be 
higher than previously expected (Barry & Campbell, 
1977). The NSI koala population could be even 
larger than that of Magnetic Island, the Queensland 
island having the reputation of possessing the largest 
northern island koala population (last population 
estimation of Magnetic Island: 170 koalas, Cahill et 
al., 1999; Jackson, 2007). 
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GENERAL ECOLOGICAL CHARACTERISTICS 
Although our sample size was limited, the general 
characteristics of NSI koalas fall within the ranges 
previously reported for the species. The body weights 
of NSI adults (mean for males 7.9kg, mean for females 
6.2kg) tend to be towards the larger end of the range 
previously reported for Queensland koalas (males 
mean 6.5kg, range 4.2-9.1; females mean 5.1kg; range 
4.1-7.3) by Martin and Handasyde (1999). The size 
of NSI koalas is comparable to that of another koala 
island population in Queensland (St Bees Island: males 
7.1kg, females 6.2kg, Ellis & Bercovitch, 2011). The 
“island rule” regarding body size suggests that insular 
animals often express dwarfism or gigantism, but 
in contrast marsupials exhibit no consistent pattern 
(Lomolino, 1985); for koalas also, body size does not 
appear to vary much with insularity. 


Pine 
Rivers 


Sample sizes for evaluating breeding characteristics 
of NSI koalas are still very small, thus the following 
comparisons are preliminary and more data need to 
be collected. Female koalas in Queensland can give 
birth between about August and May (Queensland 
Government, 2006), with a peak between December 
and March (Ellis et al., 2010b; Whisson & Carlyon, 
2010). The koala breeding season on NSI fits into 
this period and the proportion of breeding females 
was comparable to other koala populations in SEQ 
(Rhodes et al., 2011). 
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Koalas on NSI typically have a reasonable body 
condition and on average are probably in better 
condition than their neighbours from the mainland 
(de Villiers, D., personal communication). However, 
even with our small sample size, abnormal testicular 
morphology in NSI males was detected and thus 


TABLE 8. Measures of Nei’s unbiased genetic distances D between koalas from Local Government Areas in South East Queensland (N: number of koalas sampled) 
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could be at relatively high prevalence. Koalas on NSI 
carry typical koala infections, i.e. bacteria of the family 
Chlamydiacae and KoRV (Girjes et al., 1988; Tarlinton 
et al., 2006). Active genital chlamydiosis is well known 
to decrease koala reproductive output (Girjes et al., 
1988); however, although most koalas carry latent 
chlamydial infections, the percentage of NSI breeding 
females was comparable to normal reproductive output 
for a chlamydia-free population (65.6 to 81.1% in 
McLean, 2003) and well above that of populations with 
a high prevalence of chlamydiosis (32.3 to 38.8% in 
McLean, 2003). It is interesting to note that other clinical 
signs of chlamydiosis, such as kerato-conjunctivitis and 
cystitis, were not observed in NSI koalas during this 
study. Although clinical signs of chlamydiosis have been 
reported in NSI koalas (DERM database), these seem 
to be of relatively rare occurrence on the island. Effects 
of chlamydial infections are thought to be exacerbated 
by stress (Weigler et al., 1988; Ellis et al., 1993) and 
the same is likely to be the case for koala retroviral 
infections. The fact that NSI koalas do not seem to have 
a significant rate of expression of clinical signs of the 
most common diseases in koalas could mean they are 
relatively protected from the pressures usually associated 
with habitat alienation factors on the mainland. 


HOME RANGES AND MOVEMENTS 

Koala home ranges are variable between 
populations. On French Island (Victoria), home 
ranges were as small as 1.2ha for females (N=18) 
and 1.7ha for males (N=20), based on observations 
of one breeding season (Mitchell, 1990); whereas 
in a sub-monsoonal climate in Queensland, the 
mean home range size in a three year study was 
as large as 101.4ha for females (N=9) and 135.6ha 
for males (N=8, Ellis et al., 2002b). Those studies 
used a harmonic mean method (Dixon & Chapman, 
1980; Spencer & Barrett, 1984) to estimate home 
ranges, which has been shown to overestimate 
home range area compared to other methods, such 
as the kernel estimator used in the present study 
(Eiris & Barreto, 2009). Employing a methodology 
more comparable with the approach used in our 
study (i.e. 95% kernel method), White (1999) 
found that koalas in a rural area in SEQ used 
home ranges of between 5.3-45.lha for females 
(N=16) and 6.4-91.4ha for males (N=8), whilst in 
coastal SEQ Thompson (2006) reported smaller 
home ranges of 7.3-7.9ha for females (N=27) and 
13.1-22.5ha for males (N=16). On St Bees Island, 
annual mean home range sizes were about the same 
at around 7.9ha for females (N=33) but at 8.6ha, 
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male home ranges were even smaller (N=22, Ellis 
et al., 2009). Home ranges of NSI koalas (mean 
36ha) thus appear to be larger than those of other 
island populations, but still within the range of 
Queensland mainland koala populations. 


Koalas on NSI travel similar distances per day (125 
m, N=4) to St Bees Island koalas (117 m, N=15, Ellis 
et al., 2009). The relatively long movements (several 
kilometres) observed in a few individuals during this 
study could correspond to dispersal, as other studies 
in SEQ demonstrated that dispersing individuals 
could travel up to 10.6km away from their birth place 
(Dique et al., 2003). 


DIET 

Eucalyptus tereticornis is consistently described 
as an important koala food species in Queensland 
(White & Kunst, 1990; Martin & Handasyde, 1999; 
Ellis et al., 2002b). However, E. tereticornis was not 
the predominant browse species on NSIJ; instead, E. 
robusta was much more represented in koala diet, 
as well as a substantial amount of EF. pilularis. This 
could reflect differences in the availability of E. 
tereticornis or the frequent location of koalas in 
swamps on the island, where EF. robusta (Swamp 
Mahogany) is common. Also noteworthy is the 
high prevalence of Lophostemon sp. in the diet, 
emphasised by its presence in the same proportion 
of pellets as E. robusta. In contrast to a study at 
Point Halloran (across Moreton Bay in the mainland 
part of RCC), where Melaleuca quinquenervia 
comprised up to 7% of koalas’ diets (Hasegawa, 
1995), it does not seem to be an important part of 
NSI koala diets (1%), although it was present in 
21% of pellets. Direct observations were made of 
koalas feeding on A/locasuarina littoralis (Cristescu 
R., unpublished data), although it was not detected 
in our faecal cuticle analyses and so seems to be a 
rather uncommon browse item on the island. 


As found in other studies in Queensland (Ellis et al., 
2002b), roost tree species used by NSI koalas are 
often not represented in their diet (see diet result as 
well as comparing roost trees in Table 3 to food trees 
in Table 6). Choices of daytime roosting trees have 
been related to thermoregulatory constraints (Clifton 
et al., 2007; Ellis et al., 2009; Ellis et al., 2010a), 
which could explain the high koala usage of Callitris 
on NSI; this is a non-food tree characterised by very 
dense foliage compared to the more open canopies of 
Eucalyptus and Corymbia spp. 
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Dietary composition was similar over seven consecutive 
days, but it varied between seasons. Practical 
consequences are that to obtain a representative 
determination of koala diet for a location, scats used 
should be collected over the different seasons of the year 
and samples obtained within a few weeks are unlikely 
to be informative of the range of koala food trees. 


GENETICS 

Genetic diversity of NSI koalas is the lowest of all 
SEQ populations tested to date (Lee et al., 2010). This 
was expected, as island populations usually show 
less diversity than mainland populations. The NSI 
population has substantially fewer alleles than the next 
most diverse SEQ population (mean allelic richness: 
Redlands mainland = 5.2, NSI = 3.5, Lee, 2009; Lee 
et al., 2010). Lower genetic variability of NSI koalas 
than that of adjacent mainland populations could be 
due to a low number of founders and/or genetic drift 
expected to be higher for smaller population sizes 
(Frankham, 1998; Keller & Waller, 2002). 


Preliminary analysis of the genetics of the other 
(translocated) island koala populations in Queensland, 
that have been examined so far, show the expected 
lower heterozygosity than mainland Queensland 
populations; the St Bees Island population being 
more diverse than NSI (Lee, 2009). Brampton Island 
koalas were less genetically diverse than NSI but 
still had about the same or higher heterozygosity as 
southern Australian island populations (Lee, 2009). 
The NSI koalas show higher mean allelic richness 
than any koalas on southern Australian islands, which 
are notorious for their history of genetic bottlenecks 
and inbreeding (Seymour et al., 2001; Cristescu et 
al., 2009; Lee, 2009). For the NSI koala population, 
no signatures of a genetic bottleneck were detected. 
This could be due either to the absence of any genetic 
bottleneck or to a long isolation of NSI koalas: given 
enough time, new mutations appear and bottleneck 
signatures are lost (Cornuet & Luikart, 1996). This 
supports the interpretation of the historical and 
cultural evidence that it is highly improbable for the 
current NSI koala population to have been established 
by the introduction of a small number of individuals 
after European occupation rather than being naturally 
occurring (Barry & Campbell, 1977). 


Another hypothesis suggested by Barry and Campbell 
(1977) to account for the occurrence of koalas on NSI 
is that they naturally colonised NSI from the Gold 
Coast through South Stradbroke Island (the south and 


north islands were connected to each other until 1896) 
and/or via the Southern Bay Islands when these were 
connected to the mainland during a period of lower 
sea levels. Currently there is relatively little potential 
koala habitat and no koalas on South Stradbroke Island 
and whilst some of the Southern Bay Islands do have 
suitable vegetation present, they are relatively small 
and thus probably unable to sustain koala populations 
in the long-term. The establishment of the NSI koala 
population when there last was a land bridge to the 
mainland is consistent with Nei’s unbiased genetic 
distances (and F,., results in Lee et al., 2010) showing 
that of all the mainland SEQ populations, the Gold 
Coast koala population is the least differentiated from 
the NSI population; the STRUCTURE analysis shows 
NSI koalas are also more closely related to Gold Coast 
rather than Redlands koalas. This probable colonisation 
route suggests NSI koalas could have been isolated from 
the mainland for some 8,000 years (Sloss et al., 2007). 
Consequently and not surprisingly, the population of 
NSI koalas would have lost the bottleneck signature but 
kept the low diversity characteristics of small isolated 
populations. The presence of a relict population of agile 
wallabies (Macropus agilis) and the golden swamp 
wallaby (a distinctive colour variant of Wallabia 
bicolor) on NSI provides additional evidence for long 
isolation of populations of large marsupials and is 
consistent with the timescale proposed for isolation of 
the current koala population. 


Lee (2009) suggested, however, that the level of 
heterozygosity (and allelic richness) identified in the 
NSI koala population could indicate either that the 
effective population size has been consistently rather 
large or that there has been some degree of ongoing 
geneflow from the mainland. Whilst they were mainly 
concerned with the herpetofauna of NSI, Barry and 
Campbell (1977) suggested that the geographical 
characteristics of southern Moreton Bay and the 
several major rivers that flow into it could account 
for transport of animals to NSI by rafting via debris 
during flood events. Over millennia, low frequency 
transport of small numbers of koalas by such a 
mechanism is not impossible and may be consistent 
with Lee’s suggestion of some ongoing gene flow, 
since there seems to be no other evidence that NSI has 
ever supported a large koala population and certainly 
not during the last two centuries. 


THREATENING PROCESSES 
Current threatening processes on NSI can be partly 
derived from data on koala mortality. The main cause 
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of koala mortality on NSI is trauma due to vehicle 
strikes. There is an obvious potential for bias, as victims 
of vehicles are more easily found by people than 
animals succumbing to sickness or naturally incurred 
injury in the bushland. Nonetheless, it is reasonable 
to assume that there would be a comparable bias for 
all koala records in the DERM databases. This allows 
comparisons of the relative proportions of different 
causes of admission to hospitals between NSI koalas 
and koalas from other parts of SEQ (Table S2). The 
records show that vehicle strike is a major threat to 
the island’s koalas: apart from NSI, vehicles are not 
the principal cause of koala admissions to hospital 
from other parts of SEQ (Table S2). Dogs also are 
a threat to NSI koalas (14% of hospitalised koalas) 
and appear to pose a relatively greater threat on the 
island than anywhere in mainland SEQ. However, the 
threat from diseases (in DERM database: classified as 
cystitis, conjunctivitis or wasted koalas) is relatively 
lower on NSI than on mainland SEQ. Reasons for 
the low proportion of koalas showing clinical signs 
of chlamydial/retroviral disease have been discussed 
above. There is presently no explanation as to why 
the “Other” category for NSI is much higher than 
anywhere else in SEQ (28 cases including one pool 
drowning and 14 orphans). 


With regard to human population and road densities, 
which are very low compared to other parts of 
SEQ, human induced koala mortality (via vehicles 
and dogs) seems disproportionately high on NSI. 
However, without knowing the size of the island’s 
koala population it is difficult to assess how serious 
are the anthropogenic threats to the population’s 
viability, or to compare it with the dramatic human 
impact on other SEQ koala populations (Rhodes et 
al., 2011). Nonetheless, the protection of koalas from 
anthropogenic factors would dramatically reduce 
known koala mortality on NSI. 


Reducing the maximum speed limit on the island’s 
main road between Dunwich and Point Lookout 
(currently 100km.h' for much of its length and 70 
km.h'! in a critical stretch around Myora), as well 
as outside Amity Point (currently 80km.h') would 
almost certainly reduce koala mortality on roads. 
Raising driver awareness, particularly by providing 
information to vehicular ferry passengers during their 
trip to NSI, might have a positive outcome for all NSI 
wildlife, but especially koalas and macropods. The 
significance for wildlife mortality of increased visitor 
traffic volume is illustrated by the finding of Osawa 
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(1989) that the number of vehicles brought by ferries 
was directly correlated to the number of wallaby road- 
kills on the island. 


Koalas can be attacked by feral dogs and unrestrained 
domestic dogs in bushland and urban areas alike; 
whilst foxes do not pose a significant threat to adult 
koalas, they have been known to attack dependent 
young separated from their mothers (NPWS, 2003). 
Feral and unrestrained dogs, as well as foxes, are now 
widespread on the island and increasing in numbers 
(Cristescu, 2011). Feral predator control seems to 
be critically needed on NSI, and control measures 
need to be applied to the whole island to be fully 
effective. Some feral predator control actions have 
been undertaken by CRL (now Sibelco) between 
2002 and 2004 (Smith, P., personal communication) 
and by the RCC in 2009. As part of the RCC feral 
animal control, 47 foxes and three cats were removed 
from the island, mainly from the Amity Point area 
(Carter, D., personal communication). An island- 
wide predator control plan was considered in 2006 
by a group of NSI stakeholders (RCC, CRL, DERM, 
SEQ catchment and the Quandamooka Land Council) 
but no agreement could be reached and the plan was 
aborted; this issue needs to be revisited, particularly in 
the new circumstances resulting from the recent Native 
Title agreement and Queensland Government plans 
for future land use on NSI. For an island-wide plan 
to be successful, cooperation between all stakeholders 
will be necessary. Education of islanders and visitors 
to reduce dog attacks on koalas is necessary (this has 
begun with “Help protect North Stradbroke Island’s 
unique wildlife” flyers distributed by RCC) and 
adequate resourcing to enforce existing dog control 
measures is required. 


The NSI koalas might be a more genetically fragile 
population than mainland koalas due to their low 
heterozygosity, which is predicted to decrease their 
evolutionary potential and chances of adaptation to 
environmental perturbations; such as climate change, 
emerging diseases, etc. (Frankham, 1995). However, 
propositions for introduction of mainland koalas 
to the island in order to increase genetic diversity 
are contraindicated as a management response 
at this time: NSI koalas are not inbred and do not 
present signs of inbreeding such as low fertility 
or high prevalence of diseases (Amos et al., 2001; 
Keller & Waller, 2002; Spielman et al., 2004); nor 
is it known whether the island is at or near its long 
term carrying capacity for koalas. Furthermore, the 
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large genetic distance between NSI and other SEQ 
populations strengthens the hypothesis that the NSI 
koala population has been relatively isolated from 
other populations for some considerable time and 
confirmed the spatial analysis by Lee et al. (2010) that 
showed NSI clustering independently from all other 
SEQ koalas. Thus the NSI koala population should 
be considered at least as a separate management unit 
on the basis of microsatellite differentiation (Sherwin 
et al., 2000). Overall, NSI koalas have differentiated 
from nearby mainland populations, suggesting 
independent management and special protection is 
appropriate, but their genetic status does not provide 
grounds for management intervention to increase 
heterozygosity artificially. 


A potentially important threatening process for NSI 
koalas could be future permanent habitat loss and 
increased urbanisation; with the subsequent elevated 
threats of vehicles, dogs and vulnerability to diseases. 
Indeed, in relation to the koala distribution on NSI, 
some concerns arise from the implications of the NSI 
Future Vision Map (Queensland Government, 2011). 
Although the entire area (including some important 
koala habitat) south of Dunwich would be preserved 
under this plan, some vital areas are being proposed 
for opening up for development. Particularly, there 
are areas ear-marked as ‘mixed use’ (including 
residential and commercial) and tourism along the 
western coast from Dunwich to Amity Point and 
north from Amity Point to Point Lookout; these are 
in prime koala habitat which could constitute much 
of the most critical habitat for the species on NSI. 
Potentially even more concerning, the area with 
the highest koala records (between Amity Point 
and Flinders Beach) is ear-marked for township 
expansion. As the mining activities are phasing out 
with 80% of the island becoming a National Park, and 
as the current and projected mine paths are not in low 
coastal and favoured koala habitats, future destruction 
of significant koala habitat from mining seems an 
unlikely contemporary threat. 


Another concern for the future of NSI koalas arises from 
the observation that vegetation communities favoured 
by koalas on NSI are mostly in wet areas (e.g. swamps, 
Melaleuca open forests) or forests situated in the lowest 
parts of the island (Fig. 1). This places koalas on NSI ina 
vulnerable position in the scenario of climate change and 
sea level rise. Indeed, predictive mapping shows that many 
koala habitats would become unavailable due to storm 
erosion and permanent tidal inundation (DERM, 201 1a). 


Furthermore, a considerable amount of water is currently 
being extracted from NSI to the mainland and additional 
extraction 1s forecast. This despite the issues of detrimental 
impacts of water extraction on coastal freshwater/seawater 
interface ecosystems of NSI, particularly regarding 
saline water intrusion (Hadwen, 2006) and the generally 
inadequate basis for understanding present and future 
deleterious impacts on the freshwater aquifers and the NSI 
ecosystems that depend on them (Marshall et al., 2006). 
Most swamps and low-lying coastal areas on NSI are 
potentially at risk and this is considered to be an emerging 
significant threat for the island’s koalas. 


CONCLUSION 

Considering the rapid decline of the SEQ koala 
population, the temptation to suggest a role of NSI as 
an island ark for koalas is understandable. However, 
the genetic variation of NSI koalas is the lowest 
found in SEQ (Lee et al., 2010), probably due to its 
likely history of long-term isolation and relatively 
small population size. There have been pleas to 
avoid translocating genetically depauperate animals 
from one area to another (Sherwin et al., 2000). Even 
though NSI koalas have a higher heterozygosity 
than some southern island populations, they are less 
diverse than any other SEQ populations. Koalas must 
be preserved on the mainland and NSI koalas should 
not be considered as a suitable source population, due 
to the risk of repeating the unintended consequences 
of genetic homogenisation experienced in southern 
Australia (Houlden et al., 1996b). Nor should 
translocation of koalas from mainland areas to 
NSI be contemplated. As well as their gene pool, 
NSI koalas also present other characteristics (e.g. 
diet) by which they differ from the rest of SEQ, 
so the NSI koala population cannot be thought of 
as a representative sample of SEQ koalas. Finally, 
although the NSI population might seem relatively 
better preserved than those on mainland SEQ, the 
island is certainly not a safe haven and NSI koalas 
face their own array of threats, particularly the 
disproportionately high anthropogenic causes of 
mortality and the new possibility of destruction of 
key habitats for development, as well as the potential 
vulnerability of key koala habitats on the island to 
the effects of climate change and water extraction. 
Ongoing vigilance is also required to ensure the 
wind-down phase of mining activities continues to 
avoid negatively impacting on the koalas. North 
Stradbroke Island harbours a koala population worth 
preserving for its intrinsic value, but NSI should not 
be considered to be an island ark for the species. 
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SUPPLEMENTARY MATERIAL 
TABLE S1. Regional Ecosystems of North Stradbroke Island from Queensland Herbarium (2009) 


12.2.2 Microphyll/notophyll vine forest on beach ridges 


12.2.5 Corymbia spp., Banksia integrifolia, Callitris columellaris, Acacia spp. open forest to low closed forest on 
beach ridges usually in southern half of bioregion 


12.2.10 Mallee Eucalyptus spp. and Corymbia spp. low woodland on dunes and sand plains, especially southern 
sandmass islands. Usually deeply leached soils 


3 


12.12.19 | Vegetation complex of rocky headlands, predominantly but not exclusively on Mesozoic to Proterozoic 
igneous rocks 





TABLE S82. Causes of admission of koalas to wildlife hospitals from Local Government Areas in South East Queensland 
(2002 to 2009) extracted from DERM databases 


City Shire City Shire Shire 


Total koalas 778 1103 467 673 3081 


Notes: Percentages do not add up to 100% as koalas could present more than one cause of admission (disease and car strike) 





A HISTORY OF BEACH MINING ON NORTH STRADBROKE ISLAND 


MOORE, G. 


North Stradbroke Island is a sand island located 15 kilometres off the south east coast of Queensland. 
Mining for mineral sands, the primary source of titanium and zircon, occurred along the ocean beach 
of North Stradbroke Island for 29 years from 1949 to 1977. The geology of the ocean beach and frontal 
dune are described, possible sources for the heavy minerals are proposed, and processes of economic 
concentration are discussed. The uses and industrial developments of titanium and zircon are described 
and related to the mining history. The early mining using hand shovels, recovered very high grade 
mineral concentrates. Small dredges and floating concentrators commenced during the 1950’s and 
1960’s, and in 1969, a larger dredge was floated from South Stradbroke Island. Historical photographs 
are used to illustrate the various mining techniques and events. The dunes were progressively re- 
habilitated and re-vegetated as mining moved along the beach employing better practices over time, 
as knowledge improved and as Government regulations evolved. The mining companies purposely 
recreated a dune profile designed to minimize erosion and “blowouts” into the back swamp. The 
effectiveness of this strategy is discussed and the fact that it is not a natural process, resulting in more 
uniform, and less “wild” morphology than that shown in historic photographs. The current frontal dune 
dynamics, natural rebuilding and re-vegetation processes are shown. Mining on the beaches of North 
Stradbroke Island and many other locations on the east coast of Australia has always been contentious. 
The reconstructed beach profile, while effective against erosion is not “natural”. Destruction of 
significant archeological and cultural heritage features, such as Aboriginal middens, has also occurred. 
Despite these issues, in March 2011, the Queensland State Government declared a new National Park 
on North Stradbroke Island, which includes about 10 kilometres of the ocean beach and dune that had 
been mined. 
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INTRODUCTION 

There are numerous publications and_ papers 
documenting the mining and rehabilitation activities 
on North Stradbroke Island; notably by authors in the 
Royal Society of Queensland Proceedings of the 1984 
Symposium (Coleman et al, 1984), in the book “Black 
Sands” by Morley (1981), and in Brooks (1980). 
This paper adds to the knowledge in these previous 
publications, and discusses impacts of beach mining, 
34 years after it ceased in 1977. 


The archives of the North Stradbroke Island 
Historical Museum and the mining company 
(currently Sibelco Australia, formerly Unimin 
Mineral Sands and Consolidated Rutile Limited) 
contain extensive photographic collections and 
historical information and provided abundant 
background for this paper. 


Sand mining began on beaches of Eastern Australia in 
1933, and began on the ocean beach of North Stradbroke 
Island in 1949 (Brooks, 1980). Mining ceased on the 
beach in 1977 when the dredge turned westward and 


mined across a back swamp into the high dunes, 400 
metres south of Point Lookout. In all, approximately 35 
kilometres of the beach were mined. 


When mining commenced on the Island the permanent 
population was very small, predominantly Indigenous 
in Dunwich, but there are no reliable statistics. There 
were three main settlements at Point Lookout, Amity 
and Dunwich and a smaller settlement at Moongalbah. 
Dunwich quickly became the main commercial centre 
for the mining companies, for secondary processing 
of the mineral concentrates, and for shipping products 
to Brisbane. Dunwich had been the centre for the 
large Government operated Benevolent Asylum from 
1865 until 1946 when it was closed and all inmates 
and many buildings were relocated to Sandgate in 
Brisbane. Many Indigenous and _ non-Indigenous 
employees of the Asylum remained on the Island and 
gradually became involved in the growing mining 
operations from 1949. In 2011, mining was the 
dominant employer and the main economy of North 
Stradbroke Island, but will largely cease by 2019, 
when the mines are due to close. 
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GEOLOGY OF MINERAL SAND DEPOSITS 
Heavy mineral, or mineral sands deposits, form by 
the concentration of the heavier mineral grains into 
black seams or “strands” on the tidal berm or beach 
slope by the long-shore swashing wave action 
during intense storms and strong southeasterly 
winds. The minerals are concentrated from the large 
mass of sand on the beach and the continental shelf 
(see Photographs | and 2). Mineral concentrates are 
also blown onto the frontal dunes from the beach 
in normal weather patterns and were subsequently 
buried as the dunes grew. During the Holocene 
and Pleistocene Periods, violent storms blew sand 
and heavy minerals into the high dunes beyond the 
beach, where they have been mined since 1965. 
Long shore currents gradually move the sand mass 
on the continental shelf and the beaches northward 
along the east coast. Hence concentrate seams 
are more common at the northern end of beaches 
against rocky headlands, but they also occur on 
long open ocean beaches such as those on North 
Stradbroke Island. 





PHOTOGRAPH 1. First mining in 1948 scraping “sniggers” 
or high grade surface concentrates on the beach front for 
direct shipping. 





PHOTOGRAPH 2. High grade seams of mineral concentrates 
on beach front and berm exploited in 1948-1953. 
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The valuable heavy minerals found within the 
deposits are listed in Table 1 with their individual 
specific gravities or densities along with quartz, the 
bulk host mineral in the beach sands. The significant 
difference in the densities of the heavy minerals and 
quartz facilitates concentration into the economic 
mineral deposits. 


Beach sand and the small amounts of contained heavy 
minerals accumulate on beaches from the broad 
coastal continental shelf. A number of authors have 
proposed various sources for the vast continental shelf 
sand mass; from local rivers draining the New England 
Region, to erosion and re-deposition from large 
sedimentary basins such as the Sydney and Clarence- 
Moreton Basins, which in turn were fed from as far 
as Antarctica before it separated from Australia. The 
most likely is a multiple provenance for the resistate 
heavy minerals and for the quartz, involving several 
periods of erosion, re-deposition and re-working which 
explains the mature assemblages, well rounded grains, 
and absence of other heavy minerals such as cassiterite 
and gold (other than one deposit at Jerusalem Creek 
in central NSW), which occur in the New England 
Region. Age determinations reported by Veevers et al. 
(2005) and Sircombe (1999) on zircon grains from the 
beaches of NSW and Queensland, show ages of 500- 
700 million years, which suggests Antarctica as the 
likely original source. The numerous and high grade 
heavy mineral deposits concentrated along the east 
coast of Australia must have been produced from a 
very large sand mass, which normally contains only 
traces of the minerals, and the most likely sources 
are the large sedimentary basins such as Sydney and 
Clarence-Moreton. 


PRODUCTION AND USES OF 
HEAVY MINERALS 
The individual minerals are marketed as “industrial 
minerals” and each is used in a diverse range 
of everyday applications and _ sophisticated, 
technologically advanced industries. 


Zircon and monazite were sought initially during 
the 1930’s and 1940’s (Morley 1981), but eventually 
rutile became the most important product in the 1950- 
1980 period. IImenite from North Stradbroke Island 
and the east coast of Australia in general, was initially 
considered a waste product due to the relatively high 
(1-3%) chromite (Cr,O,) content, which imparts an 
undesirable colour to paint pigment. However, the 
mineral has become saleable since the mid 1980’s. 
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TABLE 1. The valuable heavy minerals found within deposits and their specific gravities. Quartz is the bulk host mineral in 


beach sand and has been included as a comparison. 





The individual minerals are separated from each 
other by using their unique properties. They all 
have high specific gravities (or densities) as listed in 
Table 1, and can therefore be easily separated from 
the quartz. In addition, ilmenite is magnetic and can 
be separated by passing through magnets, while 
non-magnetic rutile and zircon can be separated 
from each other due to the electrical conductivity 
of rutile. Hence application of sophisticated gravity, 
magnetic and electrostatic separation equipment 
can produce high quality final mineral products for 
direct shipment to international markets. Australia 
is a leader in the design and manufacture of these 
separation plants worldwide, due to its dominance in 
the mineral sands market of the 1960’s. 


Rutile and ilmenite are a source of titanium dioxide 
which is now the principal white pigment in all paints 
and plastics, replacing lead oxide in the 1950s and 
1960s.The expansion of this market caused a boom in 
rutile demand in 1955 and 1956 and subsequent heavy 
mineral sand mining, making Australia the dominant 
international supplier. The minerals are also a source 
of titanium metal, a smaller but much higher-value 
market. Titanium’s lightweight and high strength make 
it an important component in the aerospace industry. 
Titanium metal is also non-toxic and resilient, making 
it particularly important in the manufacture of body 
implants such as hip replacements, heart pacemakers, 
and in the dental industry. However, the ilmenite on 
North Stradbroke Island is high in chrome which is 
deleterious for the manufacture of white pigments 
because it imparts colour to the pigment, and 
consequently was a waste product during the 1950- 
1980 period. It has since become marketable with the 
rise of the Chinese economy and with a separation 
technique developed in 1984 by Consolidated Rutile 
Limited for the high dune deposits on North Stradbroke 
Island. Most of the old waste piles of ilmenite on the 
Island have now been consumed. 


Zircon is used mostly in the ceramics industry to 
produce white goods for bathrooms and other sanitary 
applications, and for the large ceramic tile industries 
in Italy, Spain and South America. Very high quality 
zircon is also a critical component in the nuclear 
power industry due to its unique ability to absorb 
radioactivity, and it is used in the manufacture of 
the tubes which contain the individual radioactive 
uranium and plutonium rods. 


Monazite is a source of rare earth minerals used in 
many applications such as TV screens, but is also 
a source of Thorium, which can cause radioactive 
waste disposal problems, and its use was suspended 
in the 1990’s. 


Morley (1981) reported historical prices in detail and 
discussed the volatility of the international markets. 
For example, rutile prices varied between $80/tonne 
and $350/tonne, between 1960 and 1980, and zircon 
varied between $20/tonne with a peak of $360/tonne, 
with significant price swings over one to two year 
periods. It is interesting to note that current prices 
for rutile are around A$550/tonne, and over A$1300/ 
tonne for zircon; in large part a result of the strength 
of Chinese markets. 


HISTORICAL BACKGROUND OF BEACH 
SAND MINING 
The history of mineral sand mining on the east coast of 
Australia has been well documented by Morley in his 
definitive 1981 publication Black Sands. McMillan et 
al., (1984) and Brooks (1980, 1984) have described 
the history of sand mining on North Stradbroke Island. 
These publications were used to compile much of the 
historical background discussed below and in Table 2 
with updated comments since 1984. 


Mining of mineral sands to recover zircon commenced 
in Australia in 1933 at Byron Bay. Early mining also 
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TABLE 2. Time line of geology and mining on North Stradbroke Island 


Pre 10000 BP Various generations of high dunes on North Stradbroke Island (NSI) were blown up from a broad sand 
plain during wild weather, in the last glacial period when sea level was 100 metres lower 
10000-6000 BP Sea level rose to current level (and marginally above) during rapid warming 


6000-Present Sand accumulated on beach and frontal dunes. Various authors have proposed different provenances 
for the minerals. 


1933 First mineral sand mining at Byron Bay for zircon 


194] First mining in Queensland using hand digging “sniggers” at Little Burleigh (Morley,1981) 


1946-48 Exploration and discovery of beach minerals on North Stradbroke Island by DuPont and Zinc Corp. 
Initially looking for monazite 


1949 Titanium And Zircon Industries (TAZI) started small scale mining on NSIJ, scraping rich “sniggers” 
on beach front (See Photograph 1) 

1950 First minerals shipped from NSI 

1954/55 TAZI started dredge mining with “Titania” plant 


1956 Completed construction of overland aerial ropeway from the beach to Dunwich and the mineral 
separation plant in Dunwich 


1984-2010 
mine tailings in frontal dunes 


commenced about the same time in Florida and New 
Jersey in the USA, mostly for titanium minerals, 
ilmenite and rutile. The former mine in New Jersey 
was the landing site for airships and the site of the 
Hindenberg disaster in 1937. Titanium dioxide (Ti0,) 
replaced lead oxide as pigment in paint and plastics due 
to the toxicity of lead; hence the early mine development 
was by the National Lead Company and DuPont, both 
major USA pigment and chemical manufacturers. 


The first reported mineral sand mining in 
Queensland was in 1941 at Burleigh Heads, for 
zircon. Mining for rutile and zircon commenced 
on North Stradbroke Island in 1949 by Titanium 
and Zircon Industries (TAZI), an early corporate 
subsidiary of Zinc Corp, which became the 
multinational Rio Tinto Mining Group. The first 
mining scraped “sniggers” or thin layers on the 


Current geomorphology and ecology developed. Storm erosion still only cutting into the crest of old 





beach shown in Photograph | and excavated buried 
seams up to or just above the high water mark 
shown in Photographs 2. The high grade mineral 
concentrates were hauled on horseback as in 
Photograph 3, or in ex-WWII army “blitz” trucks 
to Dunwich, (Photograph 4).The concentrates were 
direct shipped or sold to customers for separation 
into the rutile, zircon and monazite constituents. 
TAZI eventually developed dredge mining using 
a floating combined dredge and rudimentary 
concentrator in ponds created in the frontal dune, 
which mined along the dune parallel to the beach 
as seen in Photograph 5. This operation evolved 
into two dredge concentrators, “Titania” and 
“Zirconia”. The units mostly mined separately, but 
they were occasionally used in the same pond or 
in parallel paths, where the mineral concentrations 
were wide enough. 
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TAZI mined several kilometers of dunes about 15 
kilometres south of Point Lookout and east of Blue 
Lake. The dredges mined north and south from the 
loading point of an aerial ropeway which was used 
to haul the mineral concentrates to a separation 
plant at Dunwich on the west coast. One dredge 
was relocated, as shown in Photograph 6, about 10 
kilometres north and mined a zone to within about 
800 metres of Point Lookout. The aerial ropeway 
was abandoned in 1964, and mineral was hauled 
by truck to Dunwich. 


Zinc Corp (Conzince RioTinto) sold TAZI in 1969 
due to reduced profitability and to help service 
their major new mining developments at Weipa 
in Queensland for alumina, and in the Pilbara of 
Western Australia, for iron ore. The mines and 
assets were purchased by Associated Minerals 








PHOTOGRAPH 3. Early haulage of high grade beach 
concentrates by horse. 





PHOTOGRAPH 5.TAZI dredge mining southward along the 
frontal dune. 
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Consolidated (AMC, also known as AMA) based 
at Southport; an emerging player in the east coast 
mineral sands industry. In 1970, AMC completed 
mining on South Stradbroke Island and relocated 
their much larger dredge and concentrator, shown 
in photograph 7, to Swan Bay at the southern end 
of North Stradbroke Island. This plant then mined 
northward along the frontal dune and AMC shut 
down the TAZI dredges. Brooks (1980, 1984) 
and McMillan et al. (1984) describe the mining 
by AMC from 1970 to 1977 when the company 
mined a total of 32 kilometres along the frontal 
dune, including re-mining most of the TAZI area. 
In 1977, AMC turned the dredge west toward the 
northern end of 18 Mile Swamp and into the high 
dunes just south of Fisherman’s Creek, 800 metres 
south of Point Lookout, thus ending mining on the 
ocean beach. 


Hand-loading rich beach scrapings, North Stradbroke Island. 
GSQ 302 1961 





PHOTOGRAPH 4. Early truck haulage of high grade mineral 
to Dunwich for direct shipping. 


peer 
bi: 


PHOTOGRAPH 6.TAZI dredge being relocated about 10 
kilometres north along the ocean beach to mine at northern 
end of the beach.. 
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PHOTOGRAPH 7. AMC dredge and floating concentrator 
mining northward along frontal dune system. 


PHOTOGRAPH 8. Aboriginal midden on ocean beach front 
destroyed by mining. 





PHOTOGRAPH 9. Original wild, windblown and scenic 
ocean beach before mining. 


Consolidated Rutile Limited, a large company on 
North Stradbroke Island, only mined within the high 
dunes, initially using bulldozers before changing to 
dredging in 1978. 


Photographs 5 and 7, show that the mining paths 
included most of the current frontal dune and the back 
dune swales, but left a buffer against 18Mile Swamp. 


The mining and subsequent rehabilitation during the 
1970’s were contentious due to the destruction of large 
aboriginal middens as shown in Photograph 8, and the 
uniform unnatural morphology of the reconstructed 
dune system. Durbidge (1984) was critical of the 
destruction of Aboriginal middens on the ocean beach, 
and the apparent disregard by the mining company of 
new regulations that were meant to protect them. 


PREMINING BEACHES AND REHABILITATION 
AFTER MINING 

Photograph 9 shows the wild, undisturbed and 

scenic nature of the original beach geomorphology. 

Numerous natural sand blowouts threatened to bury 


PHOTOGRAPH 10. Aerial view of ocean beach showing 
blow outs into back dunes and 18 Mile Swamp. 


parts of 18 Mile Swamp behind the frontal dune 
system as in Photograph 10, and the frontal dune 
itself was vulnerable to erosion and destruction by the 
strong south-easterly storm systems. 


Hesp (1984) described the development of fore dunes in 
the seaward vegetated sand surface behind the high water 
mark on beaches in New South Wales. His description 
of “Incipient Foredunes”, particularly his classification 
Types 2a and 2b at the Myall Lakes National Park, 
NSW,, are similar to the frontal beach dune development 
on North Stradbroke Island. He describes the process 
of “incipient foredunes formed by aeolian accretion in 
laterally continuous (alongshore) zones colonized by 
perennial seedlings”, and how the “seedlings usually 
germinate ... at the limit of high tide swash” and that 
the “foredune was initiated by the growth of spinifex 
grass (Spinifex sericeus)’. This is identical to the process 
observed on the current seaward face of the frontal dune 
of North Stradbroke Island and described by Brooks 
(1980,1984) as the primary vegetation planted in the 
rehabilitation after mining (see Photographs 11, 12 and 
13). Brooks (1980, 1984) explained that prior to planting 
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of seed, the frontal dune was stabilized by a series of low 
fences and brushwork laid on the surface to minimize 
wind-blown sand drift. There were several heavy storms 
and cyclones in the early 1970s, which necessitated rapid 
stabilization of the dunes during rehabilitation. 


Other native species in the frontal dune ecology also 
planted as part of the dune rehabilitation were beach 
or jack bean (Canavalia rosea), pigface (Carpobrotus 
glaucescens), beach morning 

glory (Ipomoea pes-caprae), and beach primrose 
(Oenothera drummondii). In the back dune swale 
ecology, species such as coastal sheoak (Casuarina 
integrifolia), coastal wattle (Acacia sophorae), and 
coast banksias (Banksia integrifolia) dominate. These 
species were all planted heavily in the rehabilitation. 


Brooks (1980) stated “that to reduce wind and wave 
erosion, a stable dune contour had to be formed, which 
involved moving the crest of the previously mobile dune 
seaward’. This had the added effect of making the seaward 
dune face steeper to prevent or minimize blow outs into 
the swamp and more resistant to storm wave erosion. 
The original dune system in cross section, as described 
by Brooks (1980) “... was relatively flat on the seaward 
side... allow(ing) the intrusion of the sea during storm 
conditions... causing erosion.” Brooks (1980) stated that 
“the basic approach.... was to create a natural, varied 
landscape which was aesthetically pleasing... enabling 
a varied topography” by creating back dune swales and 
dunes using the tailings stackers rather than bulldozers. 
However the frontal dune profile was a_ particularly 
contentious aspect of the rehabilitation according to local 
critics such as Durbidge (1984), because the dunes were 
transformed to an unnatural “uniform” profile. 


Brooks (1980) claimed the rehabilitation species 
and dune morphology “has significantly increased 
the number of ecological niches” and that the 
rehabilitation species have “improved the feeding, 
breeding, and shelter values of the dunes to a wide 
variety of fauna”. 


There were numerous large Aboriginal middens along 
the ocean beach of North Stradbroke Island and these 
were of obvious cultural significance—all, but one, were 
destroyed by mining. It would have been interesting to be 
able to study their origin, archaeology, and relationship 
to events like the massive eugarie spawning observed 
in 2008/2009. The middens must have withstood and 
survived erosion by the many storms and cyclones 
which have hit the coast over time. 
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PHOTOGRAPH 11. Recent photograph of frontal dune 
showing spinifex grass rhizomes draping and colonizing the 
seaward dune face. 





PHOTOGRAPH 12. Recent photograph looking north along 
crest of frontal dune showing new wind blown dune to right 
between the crest and the high water mark and re-established 
swale ecology to left behind frontal dune. 





PHOTOGRAPH 13. Recent photograph showing spinifex 
grass rhizomes and pigface draping down and stabilizing 
new wind blown sand. 
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PHOTOGRAPH 14. Beach showing erosion scarp and 
rubbish after storm and flood event in May 2009. 





PHOTOGRAPH 15. Mature prolific eugarie population 
spawned in 2008/2009. Photographed by Creina Moore. 


PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 


MODERN LANDSCAPE GEOMORPHOLOGY 
The current coastal frontal dune and swale system 
and the dynamics of dune building can be seen in 
Photographs 11, 12 and 13. 


The dune crest in Photograph 12 is the remnant of 
the mine tailings placed behind the dredges for 32 
kilometres along the beach. Brooks (1980,1984) 
described the aims of the dune reconstruction and 
rehabilitation process - the principle aim being to 
stabilize the originally unstable frontal dune system 
and prevent blowouts threatening the back swamp. 
This strategy was strongly criticized because the 
reconstructed landscape was uniform in appearance 
and did not represent the natural processes. 
Photograph 9 shows the original geomorphology and 
is certainly much more varied and dynamic, and there 
are numerous blowouts that penetrate into the 18 Mile 
Swamp behind the frontal dune as seen in Photograph 
10. The original frontal dune was vulnerable to erosion 
by storms, whereas the current frontal dune of mine 
tailings in Photograph 13 shows a steep scarp exposed 
by severe storms in 2009 and is the furthest incursion 
of storm waves for over 30 years. Creation of swales 
and back dunes protected since rebuilding achieved a 
more varied topography behind the frontal dune. 


Brooks (1980, 1984) makes the point that although 
mine rehabilitation regulations were not in force 
when TAZI first mined the beach in the 1960’s, most 
of the area was re-mined by AMC and subsequently 
rehabilitated in the 1970’s. In total, 32 kilometres of 
beach were mined and rehabilitated and as Brooks 
describes, lessons were learnt and efficiency improved 
as the mine moved northward. Rehabilitation evolved 
with planting of appropriate native species on the 
frontal dune and in the back depressions. Rebuilding 
the frontal dune with a steeper seaward slope than 
the original dunes, followed by seeding with spinifex 
grass created stability, and rapid reinforcement by 
fences and brushwork stopped sand drifts. 


The crest of the dune in Photograph 12 is dominated 
by spinifex grass with pig face, beach morning glory, 
beach primrose, and coastal jack bean. Coastal sheoak 
or Casuarina dominates sections of the top and back 
of the dune crest along much of the 30 kilometres of 
frontal dune. Other species have developed on the 
back dune and swales. 


New frontal dune accretion can be seen in the right of 
Photograph 12 below the crest and above the high water 
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mark. Hesp (1984) discussed in detail the natural frontal 
dune building process. The key stabilizing vegetation 
is spinifex grass, which drapes down and colonises the 
fresh wind-blown and berm sand above the high water 
mark. Brooks (1980), and Brooks and Bell (1984) also 
recognized the importance and use of spinifex grass and 
describes its use along with several other species in the 
rehabilitation of the mine tailings. Photographs 11, 12 
and 13 show the rhizomes draping down from the crest, 
over the eroded scarp, stabilizing the frontal dune. 


Brooks (1980), and Brooks and Bell (1984) described 
reconstruction of the back dune and swales, stabilisation 
of the frontal dune and vegetation and planting 
techniques. Photograph 12 was taken in 2011, over 
30 years after the rehabilitation and it can be seen that 
the swale area on the left of the photograph has been 
preserved and is thriving as a functioning ecosystem 
(Smith, personal comm.2011). Brooks and Bell (1984) 
described the rehabilitation species and ecosystems and 
it is clear in 2011 that these areas were protected by 
the frontal dune and steep front slopes and have thrived 
with colonization by native species. Some authors and 
critics did not agree with mining or the stabilization of 
the dune face, and while it can be acknowledged that 
the area has been stable and protected from erosion for 
30 years, this in itself is not a natural process. 


A major storm and flooding event in South East 
Queensland in May 2009 resulted in significant erosion 
of the frontal dune on the ocean beach as shown in 
Photograph 14. Several features are apparent, such 
as obvious horizontal stratification in the scarp, a 
diagnostic characteristic of the water- lain tailings 
from dredge mining, proving that this is the furthest 
landward erosion since mining ceased 30-40 years 
ago. Secondly there was a huge amount of rubbish on 
the beach following the storm, dominated by plastic. 
Rubbish had obviously been buried in previous 
erosion and burial cycles, and had accumulated since 
mining. In addition, the storm flushed rubbish down 
the Logan River and out through Jumpinpin Passage 
to drift northward along the beach. 


A massive spawning of eugaries (or pippis) in 
2008/2009 had not occurred for many years and in the 
author’s experience this spawning is the only one in 
the last 15 years. The cause of favourable conditions 
required for the spawning are unknown (Ansell 1983, 
NSW Government Industry 2010). Photograph 15, 
by the author, shows the eugaries at a mature age. In 
subsequent seasons, there have been significantly less 
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PHOTOGRAPH 16. New sign for recently declared 
“Naree Budjong Djara” National Park on frontal dune. 


eugaries, and in 2011 they are rare along the entire 
ocean beach front. There is some speculation that the 
middens along the ocean beach could be related to 
past spawning events, and more research is warranted, 
particularly if another massive spawning occurs. 


Since mining ceased on the beach over 30 years ago 
no new concentrations of heavy minerals have formed 
on the beach. The mined out concentrations must have 
developed from the beach sand over the last 6000- 
10000 years when sea level rose to the current level. 
They had been re-worked and re-concentrated by many 
deposition-erosion cycles to give the very high grades 
in the mined-out seams (see Photographs 1 and 2). 
Un-mined beaches on North Stradbroke and Moreton 
Islands still contain black mineral slicks and rich seams 
of buried minerals. This evidence suggests that despite 
many erosion events and continuous northward long- 
shore drift, there has been very little new sand added to 
the beach on North Stradbroke Island. 


CONCLUSIONS 

Mining and rehabilitation of coastal mineral sands 
deposits occurred despite growing community resistance 
inthe 1970s. Community campaigns successfully stopped 
mining at Fraser Island, Moreton Island, Cooloola and 
Shoalwater Bay in Queensland, and Myall Lakes in 
NSW. On North Stradbroke Island, several community 
groups campaigned tirelessly against mining for over 
30 years as described by Durbidge (1984). Strong 
debate continues today about mining activities on North 
Stradbroke Island and in March 2011 the Queensland 
State Government announced cessation of most mining 
activities by 2019. 
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The Late Oodgeroo, of the Tribe Noonuccal, formerly 
known as Kath Walker, a famous Island daughter and a 
very strong opponent of mining published the poem “Time 
is Running Out” in 1970 in her Collection “My People” 
(Walker, 1970), which opens with following stanza: 


“The miner rapes 

The heart of earth 

With his violent spade. 

Stealing bottling her black blood 

For the sake of greedy trade. 

On his metal throne of destruction, 
He labours away with a will, 

Piling the mountainous minerals high 
With giant tool and iron drill” 


When Oodgeroo published this poem, the mining she 
objected to was the beach mining by TAZI and dry 
mining by bulldozers in the high dunes by Consolidated 
Rutile Limited. AMC/AMA had not yet commenced 
mining on the ocean beach and large scale dredge 
mining had not commenced in the high dunes. 


Environmentally concerned groups such as Stradbroke 
Island Management Organisation (SIMO) and Friends 
of Stradbroke Island (FOSI) have more actively 
campaigned against mining since the mid 1980’s, and 
also strongly objected to government plans to build a 
bridge to North Stradbroke Island in 1987. 


Durbidge (1984) described the destruction of 
Aboriginal middens on the ocean beach, and there have 
been other criticisms of the reconstructed frontal dune 
and its “uniform” appearance. Brooks (1980,) and 
Brooks and Bell (1984) explained the strategy of the 
design for the reconstructed and rehabilitated frontal 
dunes and swales. Photographs 12 and 13, of the 
current coastal geomorphology show that predictions 
by Brooks of stabilizing the frontal dune have proven 
correct, with only one or two small blowouts having 
developed along the ocean beach. The frontal dune, 
reconstructed with mine tailings, has been stabilized 
and survived recent storms, and new natural smaller 
dunes have accreted against the erosion scarps with 
geomorphology similar to the original natural wind- 
blown knolls and small swales. The back dune swales 
and the rehabilitated ecology have been protected and 
re-established with native flora and fauna. However, 
the original objections to the unnatural ‘uniform’ 
frontal dune profile are still valid as the reconstructed 
geomorphology is different to the original wind-blown 
geomorphology in Photograph 9. 
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Despite the contentious impact of mining on the 
natural environment, mining provided a strong secure 
economy, many social services and fostered a strong 
community spirit for the Island for over 60 years. 
Mining has disturbed about 15% of the Island to 
date and by cessation in 2019, a total of about 20% 
will have been mined, although additional land has 
been disturbed for roads and services. Brooks (1980) 
reported that from 1950 to 1977, 350,000 tonnes of 
rutile and 210,000 tonnes of zircon were recovered from 
the beach on North Stradbroke Island, and he claimed 
that it was the “largest strand beach deposit on the east 
coast”. These minerals contributed to the health and 
well being of customers worldwide in products which 
replaced toxic lead in paint and produced high grade 
sanitary ware and other quality-of-life products. The 
mining companies provided many jobs and a viable 
economy on the Island, particularly in the 1950’s, 
when the economy and services like Dunwich State 
School were threatened after closure of the 80 year old 
Benevolent Asylum in 1947. 


Conflicting community values about land use have 
been played out over the 60 years of mining, and 
the mines on North Stradbroke Island are the final 
surviving operations of a large industry along the east 
coast. Mineral sands mining on the east coast of NSW 
and Queensland is contentious because the deposits 
occur in areas of high social value and alternative land 
uses are considered more desirable. 


In March 2011 the Queensland Government declared 
a new National Park “Naree Budjong Djara”, on 
North Stradbroke Island, which includes about 10 
kilometres of frontal dune which had been mined and 
rehabilitated in the 1970’s. See Photograph 16. 
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DEVELOPMENT AND ASSESSMENT OF REHABILITATION CRITERIA FOR HIGH 
DUNE MINERAL SANDS MINING ON NORTH STRADBROKE ISLAND 


SMITH, P. & NICHOLS, O. 


Sibelco (formally Unimin and Consolidated Rutile Limited) is a long running mineral sands operation 
situated on North Stradbroke Island, just off the coast of Brisbane. Sibelco has been operating on the 
island since 1966 and to date has rehabilitated almost 3500 hectares of mined land. In July 2007 it was 
agreed between Sibelco and the Queensland Department of Environment and Resource Management 
(DERM) to amend the Environmental Authority (EA - the company’s operating licence) to include 
a requirement for completion criteria. The company already had draft criteria and a number of 
commitments relating to rehabilitation, established in 1992. The commitments outlined the basics of 
what constituted a rehabilitated landscape, but lacked specific ways to measure success. It was decided 
that there needed to be a consolidation of rehabilitation research conducted to date, and from this to 
produce a “Rehabilitation Outcomes Report” which would propose criteria for the measurement of 
rehabilitation to gauge its suitability for relinquishment. 


The development of these criteria and the resulting process of delivering them to the community and 


government contained many lessons. These included: 

e —__ Criteria development needs to begin with the end in mind, to avoid shifting goalposts and getting 
sidetracked by the many “what ifs” that surround rehabilitation; 

° There needs to be a recognition that older rehabilitation techniques will establish lesser quality 
rehabilitation than current expectations — There will be some residual risk posed by older 
rehabilitation methods and practices and that the rehabilitation may fail, and 

e There is a need to recognise different expectations of stakeholders and familiarise them with the 
science of rehabilitation and the history of the company’s efforts. 


Paul Smith (Paul.Smith@sibelco.com.au) Sibelco Australia, 1 Ballow Road, Dunwich OLD 4183, 
Australia. Owen Nichols, Environmental Management & Research Consultants, 7 Sarandon Close, 


McDowall OLD 4053, Australia. 
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INTRODUCTION 

Consolidated Rutile Limited (CRL) has operated 
a successful mineral sand mining operation since 
1966 on North Stradbroke Island, just off the 
coast of Brisbane, Queensland (see map Fig. 1). 
In 2009, CRL shares were purchased by Unimin 
Australia, a wholly owned subsidiary of Sibelco, a 
global industrial minerals business. In 2011 Unimin 
Australia changed its name to Sibelco Australia to 
align with the parent company. 


Sibelco’s minerals sands business on North Stradbroke 
Island (NSI) is a major part of the world production 
of mineral sands, producing around 70,000 tonnes of 
rutile, 50,000 tonnes of zircon and 150,000 tonnes of 
ilmenite each year for export. The operation on NSI 
is the longest continuously operating sand mining 
operation in Queensland, dredging around 50 million 
tonnes of sand per year. In conducting the mining and 
rehabilitation operations, the company must make 
use of internationally recognised, leading practice 


environmental management procedures to continue to 
operate in a high profile and sensitive environment. 


North Stradbroke Island (NSI) is 32 kilometres long, 
11 kilometres at its widest cross-section and 285 
square kilometres in area. The island’s surface is a 
spectacular series of massive vegetated parabolic 
sand dune ridges visible from Brisbane and rising to 
239 metres at Mt Hardgrave, five kilometres east of 
Dunwich. To date the highest dune feature recreated 
following mining is Mount Scott at 158 metres above 
sea level, although the company currently is in the 
process of creating a 165 metre high dune ridge. 


Over its history, North Stradbroke Island has had 
a number of main industries, with the present day 
economic drivers being tourism and mining. Mining 
and tourism have co-existed for many years, with 
tourism expected to be the main industry as the 
mining winds down once the resource is depleted. 
Recently the state government has announced an 
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earlier closure of the mines and earlier transitions 
from mining tenure to National Park. This paper will 
lay out the history of mining rehabilitation on North 
Stradbroke Island and discuss the development and 
implementation of criteria developed by Sibelco to 
assess the success of rehabilitation. 


HISTORY OF MINERAL SANDS MINING 
ON NSI 

Zinc Corp began mining mineral sand in 1949 with 
the first shipment from NSI in 1950. On Main Beach, 
seams of mineral concentrated by wave action were 
shoveled by hand at low tide into old ex-army Blitz 
trucks and other four wheel drive vehicles which 
transported mineral across the island to Dunwich 
(Moore 2011). Subsequent mining along the beaches 
and dunes was carried out by Associated Minerals 
Consolidated (AMC) and Titanium and Zirconium 
Industries (TAZI), using dredge operations. 


Prior to 1966, all sand mining completed by TAZI 
on North Stradbroke Island was along Main Beach 
and its frontal dunes. However, in 1966 Consolidated 
Rutile Limited (CRL) commenced operations using 
dry mining methods, taking advantage of the high 
mineral concentrations in the dune caps in the central 
part of the island. 


In 1978 CRL commissioned its first dredge and 
concentrator to mine the Bayside orebody. This 
plant was subsequently moved to the Ibis orebody 
in 1996/97 and into the Enterprise orebody in 2004. 
In 1985 another operation was commenced at the 
southern end of the island on the Gordon orebody. In 
1999 it was moved to re-mine the Yarraman orebody. 
CRL’s Amity mine (started in 1978 by AMC and 
bought in 1987) was closed and final revegetation 
commenced in 1992. 


Currently, mineral sands mining operations are taking 
place at Enterprise and Yarraman Mines. It is estimated 
that there are sufficient reserves for at least a further 
24 years of mineral sands mining at Enterprise, with 
Yarraman closing in 2015. 


Silica mining also occurs on North Stradbroke 
Island. Sibelco owns and operates a Silica mine at 
a location known as Vance. This operation has been 
in existence in one form or another since 1964. At 
current extraction rates, silica sands reserves in the 
Vance area are in excess of 100 years, with many other 
orebodies located on the island. This paper refers only 


to rehabilitation criteria for Sibelco’s mineral sands 
operations (the former Consolidated Rutile Limited 
operations). Rehabilitation criteria exist for the silica 
operations, however neither author was involved in 
their development, nor has a good understanding of 
the science behind them. 


HISTORY OF REHABILITATION TECHNIQUES 
IN HIGH DUNE COUNTRY 
Rehabilitation of areas mined by CRL can be divided 
into four broad groups based on age and the procedures 

used. These are: 


e 1966 to 1973 Yarraman and Bayside — 
Revegetation procedures included some 
direct seeding, planting out of nursery stock, 
stabilisation with brush matting and application 
of fertiliser. Unfortunately, these were combined 
with very poor topsoil management, the use of 
persistent exotic grasses species to stabilise 
the soil surface (e.g. Molasses grass — Melinus 
minutiflora), the establishment of exotic pine 
plantations (Radiata spp), the use of species not 
native to North Stradbroke Island (e.g. Acacia 
podalyriifolia), a heavy reliance on fertiliser 
(toxic to some species) and no consideration of 
seasonal conditions. The effects of the exotic 
species and use and over use of fertilizers 
are described in early critiques of rehabilitation 
by Rogers & Mokrzecki (1984) and Specht 
et al. (1984). 

e 1973 to 1992 Amity, Bayside, Gordon and some 
dry mining sites—Revegetation procedures varied 
considerably over time but generally included 
direct seeding, with all seed collected on NSI 
and not purchased from elsewhere, the planting 
of nursery stock, stabilisation with cover crop 
of non-persistent, hybrid sorghum, application 
of a bituminous emulsion and brush matting 
to prevent erosion, improved fertiliser type 
and usage and improved topsoil management. 
Unfortunately, these were combined with over 
usage of Black Wattle (Acacia concurrens and 
A, leiocarpa) and Casuarina (Allocasuarina 
littoralis). No account was taken of seasonal 
rainfall conditions. Despite the changes to 
topsoil management, cover crop and fertiliser 
use, the very high Acacia seed load used in 
the earlier years of the program resulted in 
very dense Acacia stands which strongly 
inhibited regrowth of other species (Rogers & 
Mokrzecki, 1984). 
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e 1992 to 1996 Amity, Bayside and Gordon sites. 
Revegetation procedures included direct seeding 
with additional understorey species included 
in the seed mix (the result of early monitoring 
feedback), all seed was collected on NSI, 
planting out of greater numbers of nursery stock, 
stabilisation with cover crop of non-persistent, 
fast-growing hybrid sorghum, spraying with 
bituminous emulsion and brush matting for 
erosion control, further improvements in fertiliser 
type and usage, Grasstree (Xanthorrhoea 
Johnsonii) transplanting and improved topsoil 
management. The use of Black Wattle was 
discontinued in early 1992 except in special 
circumstances e.g. dune tops. There was some 
consideration of seasonal conditions. 

e Current i.e. 1997 onwards all sites. Current 
rehabilitation procedures are a refinement of 
those used from 1992 to 1996. The techniques 
are described in detail in the following section. 
With the removal of open area restrictions on 
the mining operations (whereby government 
imposed mining control was replaced with 
increased security bonds), the revegetation 
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procedures were re-organised on a campaign 
basis to take advantage of seasonal conditions. 
This has resulted in a greater chance of 
germination and initial establishment success. 
A photographic illustration of the latest 
rehabilitation techniques is shown in Figure 2 
with a time series of Ibis Minesite rehabilitation 
in 1999, 2003, 2007 and 2011. 


The rehabilitation now under the control of 
Sibelco Australia is the result of techniques that 
have evolved over time, as well as the product of 
numerous, historical mining entities. The practices 
used by the differing companies varied somewhat 
due to mining method, company philosophy, 
management and personality. The company expects 
that this variation in techniques above will result 
in varying quality of rehabilitation, with a gradual 
improvement in outcomes as techniques evolved. 
Seasonal and disturbance factors such as drought 
and fire (both controlled and uncontrolled) have 
also shaped the trajectory of the rehabilitation at 
some locations. For example, the company expects 
that the 1966 to 1973 Yarraman rehabilitation will 





FIG. 2. Photographic Time Series for [bis Minesite Rehabilitation. 
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require substantial additional rehabilitation work 
to meet the pre-1987 revegetation acceptance 
criteria described below, due to both poor initial 
establishment techniques and an_ uncontrolled 
wildfire in 1995. Drought effects can also be seen 
in rehabilitation that was established in periods 
of low rainfall. For example, initial establishment 
monitoring indicates that areas planted at the Ibis 
Minesite between 2004 and 2008 were affected by 
poor or variable wet seasons. 


For the purposes of developing completion criteria, 
the rehabilitation of the high dunes of NSI is divided 
into two categories: pre and post 30 June 1987. The 
categories were proposed by the then Queensland 
Department of Minerals and Energy (DME) and 
accepted by the company in the early 1990s. The DME 
recognised that different rehabilitation procedures and 
standards were applied to the pre-1987 revegetation 
and that it was not reasonable to expect the same 
outcomes as in post-1987 rehabilitation. 


A similar approach was used to develop completion 
criteria at Alcoa’s bauxite mines in Western Australia 
(Grant, 2006). These are divided into pre-1988 criteria, 
which reflect older rehabilitation techniques, and post- 
1988 criteria, which represent sites rehabilitated using 
procedures similar to those currently used. 


Basic revegetation criteria for post-1987 rehabilitation 
were included in the company’s operating licenses 
as early as 1992 with a commitment to commence 
an extensive research program to develop criteria in 
the future. Following the conclusion of this research, 
specific criteria were written into the operating license 
in July 2007. 


There were atotal of 3,226ha of rehabilitation onthe 
company’s mining lease areas as at end December 
2005. Due to re-mining of previously mined areas, 
the figure is constantly fluctuating and a census is 
being undertaken at the time of writing. In 2005, 
this consisted of 1,518ha of pre-1987 revegetation 
and 1,708ha of post-1987 revegetation. The 
locations of these areas are shown in Figure 1. 
Sibelco is currently re-assessing the rehabilitated 
land under its direct control in response to the 
recent passing of the North Stradbroke Island 
Protection and Sustainability Act 2011, which 
cancels some of Sibelco’s leases and has potential 
to therefore pass responsibility for rehabilitation 
on these tenures to the state. 


THE CURRENT REHABILITATION PROCESS 
Sibelco, as a company has publicly committed to the 
goal of: “Re-establishing as close as is practicable, 
within the limitations of current technology and best 
practice environmental management, the indigenous 
floral and faunal communities that existed in the area 
prior to mining” (CRL unpublished report, 2006) 


The rehabilitation/ revegetation procedures are 

generally completed in this sequence: 

1. Landform  re-construction and _ contouring: 
The residue sand is pumped out behind the 
concentrator to fill previously mined areas. 
This sand is used to form an approximate of 
the original topographic patterns. Detailed pre- 
mine planning data is used to manage the sand 
placement, final heights and contoured shapes 
of the landform. Sibelco is now placing greater 
emphasis on constructing a greater range of 
micro topography to reflect small scale variations 
in the natural landform. 


2. Topsoil spreading; The topsoil is stripped in areas 
ahead of the mine path. The top 50 to 100mm 
of topsoil is the most important biologically 
because it is the richest source of stored seeds, 
organic matter and soil micro-organisms. If 
possible the top 50mm of topsoil (first cut) is 
stripped separately and reused immediately in 
the rehabilitation process to take advantage of 
the viable seed. The remaining topsoil (second 
cut) is stockpiled adjacent to the mine path for 
later use. Sibelco stores the topsoil for as short 
a time as is practical, generally for a period of 
two years, which is the time taken to mine a 
particular area and reconstruct the landform. The 
topsoil is transported from stockpiles to the top 
of dunes by elevator scrapers and spread over the 
contoured surface with bulldozers. Good topsoil 
management is critical to rehabilitation success, 
as illustrated by various research projects and 
trials conducted at Alcoa (e.g. Koch et al., 1996). 
At Sibelco, the topsoil is stripped to a depth 
varying from 30 to 50 cm, depending on surveyed 
depth during pre-mine assessments. 


3. Direct seeding and fertilizing: A mixture of 
approximately 30 — 40 native plant species is 
sown by a specially modified tractor. The mixture 
also contains fertiliser and sorghum which is 
used as a cover crop. A second application of 
maintenance fertiliser (also applied by a tractor) 
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occurs 6 - 10 months after direct sowing. The seed 
used in the revegetation program is harvested by 
the company’s experienced seed collectors from 
Sibelco leases on NSI. Around 150kg - 250kg 
of seed is harvested annually and stored in an 
air-conditioned room for the minimum time 
practicable, in the majority of cases less than 12 
months. The quality of seed samples is tested 
each year for germination, viable seed remaining 
after germination test period, seed counts and 
total viable seed present. 


Surface stabilisation: Four methods are used to 
stabilise the topsoil. “Terolas’ is sprayed over 
the topsoil after seeding, to bind sand particles 
together. Terolas is a bitumen emulsion that 
breaks down after approximately 6-12 months. 
Secondary control of erosion is achieved by 
seeding a low density cover crop. Hybrid 
sorghum is ideal for this purpose because it 
grows quickly, stands well, remains effective for 
12-18 months, and does not regenerate. In areas 
particularly prone to wind, brush matting and 
windbreak fencing may be used. 


Planting out of nursery stock: Sibelco maintains a 
plant nursery to supply high quality, disease-free 
plants of species native to NSI. Nursery stock 
is used for two main purposes: supplementary 
planting in areas where establishment from direct 
seeding has been unsatisfactory and enrichment 
planting to increase species diversity. The nursery 
production increased from 50,000 seedlings in 
1996 to 140,000 in 1998 and has remained around 
this level with annual fluctuations on demand. 
The nursery is maintained and operated under the 
guidelines for accreditation for the Nursery Industry 
Accreditation Scheme, Australia. The planting out 
of nursery stock is usually undertaken from April 
to June of each year. Traditionally nursery stock 
is planted into 18 month old rehabilitation, or into 
older rehabilitation if required to meet criteria. 


Transplanting Grasstrees: Grasstrees 
(Xanthorrhoea johnsonii) are established in the 
rehabilitation by direct seeding, plant-out of 
nursery stock and transplanting. Grasstrees with 
an average trunk height of approximately 300 
mm are transplanted by hand and mechanical 
tree spades. Grasstrees receive special attention 
due to their cultural significance and iconic plant 
species status. The plants are taken only from 


areas that will be disturbed by future mining 
operations. They are usually placed in areas 
rehabilitated the previous year, at a rate of ten 
per hectare. The transplanting is completed 
during the cooler, wetter months of April to June 
to maximise survival rate. 


7. Encouraging faunal recolonisation: the company 
has implemented several techniques to encourage 
faunal recolonisation including: 

a. Nesting boxes - these simulate the holes and 
hollows that provide homes for a variety 
of birds and small mammals, primarily 
arboreal mammals. 

b. Logs and mulch provide habitat for 
invertebrates and small vertebrates at ground 
level. Logs are placed in piles through the 
rehabilitation to form habitat for larger 
vertebrates. 


8. Monitoring: Annual monitoring is an important 
component of the continuous improvement 
process for rehabilitation. The results of the 
initial establishment monitoring are incorporated 
into the rehabilitation planning and improvement 
process. Comparison of rehabilitated areas 
with pre-mine survey data, using the long-term 
monitoring procedures described later, allows the 
success of revegetation to be measured. 


In many respects, the rehabilitation procedures are 
similar to those of Alcoa, which also uses a range 
of techniques (topsoil return, seeding, planting 
of recalcitrant species) to maximise post-mining 
botanical diversity (Koch, 2007a,b). 


In 2006 the company submitted a Rehabilitation 
Outcomes Report to the Queensland State government 
in accordance with a condition of its operating license. 
Central to this report was the proposal of ‘acceptance 
criteria’, that specify the criteria that rehabilitation will 
be assessed against to determine if disturbed mining 
lease areas are suitable for relinquishment. 


After many months of negotiation between state agencies 
and with local stakeholder groups, criteria were included 
in the company’s operating license in July 2007. This 
was historic as to date, the authors are not aware of any 
other company in Queensland that has committed to such 
a comprehensive list of criteria, written directly into their 
operating license. Procedures used to develop the criteria 
are described in the following sections. 
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RESEARCH AND THE PROCESS OF 
DEVELOPING CRITERIA 

The company commenced an ongoing research program 
with the Centre for Mined Land Rehabilitation (CMLR 
—a research centre at the University of Queensland) in 
March 1996. The importance of research in improving 
the re-establishment of biodiversity values following 
mining is emphasised in DITR (2007). The Sibelco 
research program studies development following heavy 
mineral sand mining and aims to assess the current status 
of areas mined and rehabilitated to determine criteria that 
indicate rehabilitation success. This is undertaken by 
comparing the vegetation and ecosystem stability; soil 
properties and nutrients; and soil-plant water relations 
of mined and unmined areas on NSI. Research topics 
include the response of rehabilitation to fire, the rate of 
litter decomposition in rehabilitation, the effects of Acacia 
thinning, soil profiling in rehabilitated areas and vegetation 
sampling from rehabilitated and undisturbed sites. 


Post-graduate university research projects on a range 

of topics have included: 

e Exploring the links between litter, fauna and 
biogeochemical cycling; 

e Investigating the impacts of fire on soil 

seedbanks; 

Soil profile development; 

The use of artificial hollows for fauna; 

Ant re-colonisation after mining; 

Spider use of rehabilitation; and 

The regeneration processes 

unmined areas. 


in mined and 


Sibelco is currently conducting internal research 
and development work on broadacre mulching for 
vegetation clearing (and improving soil organic 
matter) and surface stabilisation, techniques to assist 
greater faunal recolonisation, the effects of thinning 
Black Wattle / Casuarina on the development of 
rehabilitation, and the return of Bracken Fern 
(Pteridium esculentum) to rehabilitated areas. 


Past in-house research has seen the development of 
specialised fertilisers, seed collection and propagation 
techniques, stabilising materials including mulch, 
fauna re-colonisation techniques and topsoil handling 
techniques. In 2005, the company initiated a project to 
investigate erosion and germination issues associated 
with the re-mining of previously mined areas. This 
project recommended a number of key changes to 
rehabilitation techniques for re-disturbed old soils 
which have since been adopted. 


As well as improving rehabilitation outcomes, the 
research conducted to date, together with monitoring 
described below, have given the company, regulators 
and other stakeholders a good understanding of the 
development of the rehabilitated ecosystem and its 
likely long-term sustainability. This understanding 
has proven invaluable in the setting of achievable 
rehabilitation criteria. 


REHABILITATION MONITORING 
In 1998 the company developed a Rehabilitation 
Monitoring System (RMS) for revegetated areas. This 
was reviewed and updated in 2006. 


The RMS now includes: 

e Rehabilitation objectives; 

e Flora, soil and fauna monitoring methodologies; 

e Data management and analysis methodologies; 
and 

e Proposed revegetation acceptance criteria for 
pre-1987 and post-1987 revegetation. 


Sibelco’s overall rehabilitation objective is: ‘to 
re-establish, as close as is practicable within the 
limitations of current technology and best practice 
environmental management, the indigenous floral and 
faunal communities, which existed in the area prior to 
mining, subject to the following qualifications: 

the overall objective sets a goal at which, through the 
company s best efforts, programs and their ultimate 
outcome are aimed; 

it is recognised that site limitations such as alterations 
to soil structure might prevent the complete 
replacement of pre-existing communities; 

ifit becomes apparent that current best practices cannot 
re-establish ecosystems, rehabilitation programs will 
be modified to create the closest practicable alternative 
which will fulfill designated land uses; and while the 
aim is to eventually re-establish floral and faunal 
species in numbers comparable to their recorded 
densities in unmined control sites, these densities 
will vary from site to site and over time in line with 
prevailing climatic and ecological conditions.’ CRL 
(2006) 


The above rehabilitation objectives were developed 
in consultation with the state government and reflect 
their intention to return mined areas to National Park 
once the mining is completed. 


The revegetation program described earlier is 
designed to provide sufficient numbers and diversity 
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of plants and plant species so that vegetation 
communities and fauna habitats similar to those 
existing before mining, or similar to those existing 
elsewhere on NSI, can develop. 


The components of the recommended monitoring 

program are: 

e Initial establishment monitoring: an internal 
quality control step that assesses early 
revegetation success, reveals the need for any 
remedial action, and records details of operational 
procedures used so that the reasons for future 
trends can be determined. No acceptance criteria 
are proposed for initial establishment monitoring. 
The monitoring is usually undertaken when the 
rehabilitation is 12 to 18 months old; 

e Long term botanical monitoring: provides 
detailed information on the development of 
post-1987 rehabilitation, compares sites with 
representative unmined reference areas, and 
indicates whether acceptance criteria have been 
met. The monitoring is undertaken when the 
rehabilitation is 4, 7, and 10 years old and as 
deemed necessary thereafter; 

e Broadscale monitoring: a rapid assessment process 
used to provide a broad, general assessment of post- 
1987 rehabilitation development, and ensure that 
no significant problems are missed. The monitoring 
is undertaken at the same time as the long-term 
botanical monitoring; 

e Monitoring ofpre-1987 rehabilitation: aonce-only 
assessment that provides detailed information on 
the status of pre-1987 rehabilitation, compares 
sites with representative unmined reference 
areas, and indicates whether Rehabilitation 
Criteria have been met; 

e Soil monitoring: provides detailed information on 
the development of post-1987 rehabilitation soils 
and compares sites with representative unmined 
reference areas. The monitoring is undertaken at 
the same time and at the same monitoring plots 
as the long-term botanical monitoring; 

e Vertebrate fauna monitoring - provides detailed 
information on the recolonisation of post-1987 
rehabilitation by key indicator species (i.e. birds, 
reptiles, mammals and significant species) and 
compares sites with representative unmined 
reference areas. Regular monitoring is undertaken 
for key mammal species (Koala and hollow- 
dependent fauna) with end point monitoring for 
other species; 

e Invertebrate fauna monitoring: provides detailed 
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information on the recolonisation of post-1987 
rehabilitation by key indicator species (i.e. spiders, 
ants, and soil and litter dwelling invertebrates) 
and compares sites with representative unmined 
reference areas. The monitoring is undertaken on 
a research project basis or at end point. 


THE REHABILITATION CRITERIA 
Rehabilitation criteria must be constructed so that 
the data collected and the aspects of the developing 
ecosystem that are measured give an indication of 
progress (or otherwise) on a trajectory towards a 
defined end point. Criteria must be: 

e Simple to understand; 

e Measured in a standard way using techniques 
that are well understood; 

e Allow for changes over time to be measured; 

e Based on sound statistical principles, and 

e Applicable to the reference sites measured 
against. 


The following sections describethe Rehabilitation Criteria 
developed for the various aspects of the rehabilitated 
landscape, ecosystem and hydrological systems. 


LANDFORM CRITERIA 

DUNE CREATION 

Through the use of a variety of tools including digital 
terrain models, satellite imagery, aerial photographs 
and historic records, the topography of the island 
in its undisturbed state has been determined, as 
close as possible. Using this benchmark (1964 
topography), a range of mathematical and statistical 
tools have been applied to divide the terrain of the 
island into a series of landform categories based on 
aspect, elevation and slope. The methodology used 
to categorise and assess this information is very 
similar to recognised methodology for mapping 
regional ecosystems. 


Using different scales, the landform is divided into: 

e Terrain elements — small units of the same aspect, 
elevation and topography; 

e ‘Terrain zones — collections of elements; and 

e Terrain patterns — collections of zones. 


Landforms with similar characteristics can be grouped 
together. For example, dunes that all face in a particular 
direction can be grouped together under aspect. There 
are many ways these groupings of ‘elements’ can be 
undertaken. For NSI, two types of elements are used 
in the criteria: 
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e Aspect elements — groupings of similar aspect, 
a discreet area containing a specific range of 
aspect values delineated at a mapping scale of 
1:25,000. Aspect is the dominant orientation 
of the landform element at that location and 
selects for “Large” Scale Landform (dunal 
ridges and prominent features) which take 
years to build, and 

e Terrain elements — groupings of similar aspect, 
elevation and slope, a discreet area containing 
a specific range of elevation, slope and aspect 
values delineated at a mapping scale of 1:10,000. 
Terrain elements show “Small” scale changes in 
the landscape 


The critical factor in relation to approximating 
landform at a specific place is the volume of sand 
available at any point in time. For instance, if 
particular volume of sand is needed to rebuild a dune, 
and roughly that amount is available, there are fewer 
limitations to constructing a similar landform to that 
which existed than when there is either too much or 
too little sand available. 


A volume difference index (VDI) determines where 
the line exists between similar and dissimilar 
volumes of sand: 

VDI = (Tv — Mv) /AMB 

Mv = Volume (m*) of material mined from a 
mining block 

Tv = Volume (m%) of tailings from another mining 
block used to fill the same mining block referred to in 
My after it was mined 

AMB = Area (m7?) of mining block referred to 
in My 


Criteria For Dunes With Similar VDI (-2.5 To +5.5) 

e 80% of the mining block must have the same 
aspect element re-instated to the same place 
that it existed; i.e. dune ridges and toes will 
be re-built in the same place and orientation. 


Criteria For Dunes With Dissimilar VDI (Above 

Range - Surplus) 

e At least 75% of the constructed landform 
area must contain the terrain elements present 
in the baseline topography within the same 
geomorphology unit; and 

e The area covered by each terrain element within 
the geomorphology unit in the constructed 
landform must not be less than 30% of the area it 
covered before. 


Criteria For Dunes With Dissimilar VDI (Below 

Range - Deficit) 

e The number of terrain elements in an area after 
mining is to represent 50% of what existed 
before. 


The criteria for post-mining landform that have been 

proposed will ensure that: 

e The majority of rehabilitated areas (75%) contain 
terrain elements that already exist on the island; 

e No terrain elements that exist on the island will 
be lost or reduced to less than 50% of their pre 
mine area; and 

e The diversity of terrain elements in rehabilitation 
will be significant, with at least 75% of the 
number of terrain elements (not necessarily the 
same ones) that existed in any area being returned 
after mining. 


Figure 3 shows an example of the Enterprise Minesite 
where data analysed for Slope, aspect (East-West, 
North-South) and Height have been analysed to produce 
both Aspect and Terrain element maps. These maps are 
then used to compare against mine planning designs. 


FINAL VOIDS 

All mining activities generally result in a deficit of 
material (a hole or final void) at the end of the mine 
life. Due to the progressive nature of sand mining, 
a final void is quite small but is an area where there 
will not be sufficient processed sand remaining and 
therefore a land depression will result. 


As they cannot be compared to the previous 

topography, a process has been proposed that will 

ensure the long term stability of final voids and allow 

for the participation of government, stakeholders and 

landowners in the design of final voids. The criteria 

for final voids are: 

e The wall slope is not to exceed 25 degrees from 
horizontal; and 

e Satisfaction of the criteria for landform in sand 
deficit (as described above) 


GEOTECHNICAL STABILITY AND EROSION 
Criteria have been proposed to quantitatively measure 
stability against recognised standards for ground 
stability and to ensure engineering certification of 
such prior to lease surrender and return of the area to 
the underlying landholder. 
1. The geotechnical stability of the constructed 
landform must have an engineering geological 


356 PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 





FIG. 3. Enterprise Mine Landform Mapping Outputs: (a) Slope, (b) Height, (c) East West, (d) North South, 
(e) Aspect Elements, (f) Terrain Elements. 
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stability factor of safety of not less than 1.3 (all 
landforms are designed to meet this criterion at 
planning stage). 

2. A Registered Professional Engineer of Queensland 
(RPEQ) possessing suitable qualifications and 
experience must certify the geotechnical stability 
of not less than 1.3 has been achieved in the 
constructed landform. 


=~ 
> 


Criteria have also been proposed to ensure that ground 
cover (the main factor limiting water and wind erosion) 
matches that of undisturbed systems. 


All land disturbed by the mining activity must: 

1. Not have a rate of soil loss exceeding the 
representative unmined areas that have the same 
chemical and physical characteristics including 
slope, slope length and fire regime; and 

2. Not exhibit any signs of continued erosion greater 
than that exhibited on representative unmined 
areas within the authorised mining tenement; and 

3. Meet the criteria for revegetation; and 

4. Have equivalent proportions of litter to that 
present in representative unmined areas within 
the authorised mining tenement(s). 





REVEGETATION CRITERIA 
As described above, the revegetation is divided into two 
categories, Pre-1987 and Post 30 June 1987. Revegetation 
criteria are summarised in Tables 1 and 2. 


Of particular importance to the company was 
the ongoing issue of re-disturbance of old mine 
workings (pre-1987 criteria) by current operations 
(post-1987 criteria). This was addressed by the 
following condition: “Condition H6-1 does not 
apply to assessment areas within pre-June 1987 
rehabilitation areas which have been re-mined. 
In such a circumstance, condition H6-2 (pre-June 
1987 rehabilitation criteria) applies where topsoil 
from the pre-June 1987 rehabilitation area has been 
used.” (CRL, 2006). 


Overall, the criteria were developed such that 
rehabilitation that meets them is deemed acceptable 
for relinquishment because research and monitoring 
have shown that the risk of ongoing environmental 
harm or failure of the rehabilitation is very low. 
Because the approach is conservative and the 
general environment of North Stradbroke Island 
has high environmental values, the standard that 
has been applied is high. 
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TABLE 1: Post-30 June 1987 Revegetation Criteria. If Baseline Environmental Studies (BES) have not been carried out, 
rehabilitated plots are compared with representative unmined plots for the vegetation community. 


aaa 


Number of species — All native species present in the Baseline Environmental Studies (BES) and Environmental 
trees and understorey Studies Report (ESR) are present in the rehabilitation 


The native species present in the rehabilitation is not significantly less than 75% of the native 
species present in the BES and ESR 


ii All significant species listed in The Register of the National Estate must be present in the 


rehabilitation 


Density — trees The mean stem count of all native tree species greater than 2m is not significantly less* than 75% 
of the mean in the BES and ESR 
For each native tree species, the mean stem count of native trees greater than 2m is not significantly 
less than 50% of the mean for the same native tree species in the baseline environmental studies 
and ESR 


Density — The mean stem count of native species is not significantly less than 75% of the mean in the BES 
trees and understorey | and ESR for the vegetation community 


Cover — trees The mean Projected Foliage Cover (PFC) of native species is not significantly less than 75% of 
the mean in the BES and ESR 


Cover — understorey The mean PFC of native species is not significantly less than 75% of the mean in the BES and ESR 


The mean PFC of native species is not significantly less than 65% of the mean in the BES and ESR 





*Not significantly less than — P < 0.05 


TABLE 2: Pre-30 June 1987 Revegetation Criteria 


Number of species — The Projected Foliage Cover (PFC) of Acacia concurrens (black wattle) in the rehabilitation is 
trees and understorey less than 40% 


For each vegetation community, the mean number of native species in the rehabilitation is not 
significantly less* than 50% of the mean in the representative unmined plots 


Density - trees For each vegetation community, the mean stem count of each nominated species greater than 2m 
is between 50 to 200% of the mean in the representative unmined plots 


The mean PFC of native species is not significantly less than 75% of the mean in the unmined plots 
Cover — understorey The mean PFC of native species is not significantly less than 50% of the mean in the unmined plots 


The mean PFC of native species is not significantly less than 40% of the mean in the unmined plots 


Weeds The authorised mining tenement(s) must be free of Class 1 and 2 declared plants listed under the 
Land Protection (Pest and Stock Route Management) Act 2002 and subordinate legislation 


Acacia spp. not native to NSI must not be present in the rehabilitation in densities that prevent the 
revegetation criteria being achieved 


The following weeds must not be present in densities that prevent the revegetation criteria from 
being achieved: 

Pinus spp., Brachiaria decumbens, Megathyrsus maximus var. pubiglumis, Megathyrsus 
maximus, Melinis minutiflora, Andropogon virginicus and Melinis repens; and 

Class 3 declared plants under the Land Protection (Pest and Stock Route Management) Act 2002 


and subordinate legislation 





*Not significantly less than — P < 0.05 
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This does not necessarily mean that rehabilitation that 
falls below the line should be considered failed or 
likely to fail. Rather, the line should be considered as 
a trigger that initiates investigation into reasons why 
particular rehabilitation has not met the criteria, and 
determination as to whether it requires intervention or 
not. A similar approach has been developed for coal 
mining companies in NSW (Nichols, 2006). 


Ecological succession theory notes that rehabilitation 
follows an ecosystem development trajectory that 
is influenced by external processes with a number 
of potentially different outcomes. This has been 
illustrated by many authors such as Kearns and Barnett 
(1988) who describe three contrasting ecosystem 
responses, one response curve represents the “ideal” 
or goal trajectory shape. While an ecosystem remains 
below this threshold range, it is more vulnerable 
to climatic events like storms, drought or fire. A 
further response curve represents a system which 
is vulnerable to frequent disturbance (for example 
periodic human-induced fire) and hence does not 
achieve self sustainability. 


To take into account non-conforming rehabilitation at 
a particular point in time, and to avoid disagreement 
with regulatory authorities over land relinquishment, 
Sibelco has developed a series of processes to follow 
in the event that criteria have not been met. These are 
to facilitate the assessment of the risk (or residual risk 
as described by DERM in Guidelines for rehabilitation 
assessment) of environmental harm or future failure of 
the rehabilitation. Based on this assessment, the need 
for remedial action, if any, is determined. 


WATER QUALITY 
Rehabilitated areas are deemed to be suitable for 
surrender if the difference between pre and post mine 
water quality or post-mine and reference site water quality 
is Statistically insignificant. Water quality is primarily 
focused on the surface water quality of adjacent wetland 
systems (both natural and man-made). 


For other cases where the environmental values include 
public contact recreation, it is proposed that the process 
for determining water quality guidelines according to the 
Australia and New Zealand Environment and Conservation 
Council Water Quality Guidelines (ANZECC, 2000) be 
followed and satisfied prior to surrender. 


The quality of waters must therefore meet one of the 
following criteria: 


1. The difference in relevant water quality parameters 
between pre and post mining activity is not 
significantly different (i.e. “historic assessment”); 

2. The difference in water quality parameters 
between post-mining activity receiving water 
and the reference site is not significantly different 
for the corresponding time period (i.e. “reference 
site assessment’); 

3. Water quality guidelines developed in accordance 
with the process specified in the Environmental 
Protection Agencies (now DERM) Queensland 
Water Quality Guidelines (DERM, 2009) or 
more recent editions. 

4. Water quality guidelines developed in accordance 
with the process specified in the Australian and 
New Zealand Environment and Conservation 
Council Australian and New Zealand Guidelines 
for Fresh and Marine Water Quality (ANZECC, 
2000) or revisions or more recent editions. 


Any reference sites used must: 

1. Not have been impacted by the mining activity; 

2. Be nominated by the environmental authority 
holder; 

3. Be acceptable to the administering authority 
prior to use; and 

4 Be ina similar ecological setting. 


The water quality monitoring must be undertaken not 
less than quarterly during mining operations and not less 
than biannually after mining operations have ceased. 


WATER LEVEL 

It is proposed that any variation in water level in 
the nominated waterbodies that does not adversely 
affect vegetation communities would be acceptable 
for lease surrender. This would be determined by a 
hydrogeological investigation prior to lease surrender 
that would determine any long-term changes resulting 
from mining, and whether such changes in water 
levels would adversely impact on vegetation. 


Due to the inherent natural variability of water 
levels on the island, the vast difference in the 
behaviour of levels in different waterbodies, and 
the potential impacts of third party water extractors 
on waterbodies that Sibelco has determined to be 
relevant to the criteria, Sibelco has not proposed 
specific water levels for each waterbody as 
the criteria. It is considered that site specific 
investigations will provide more useful information 
and standards than generically applied criteria. 
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Criteria for water level are not deemed to be met until: 

A. An analysis of water level monitoring is 
undertaken to compare: 

i. Historical water levels of the waterbodies 
including pre and post mining activity, for a 
period of not less than ten years; 

ii. Seasonal variations for a period of not less 
than five years; 

ii. The impact, if any, of the mining activity on 
the water levels of the waterbodies 

B. Water levels of the nominated waterbodies: 

i. are not significantly different to the pre- 
mining activity water levels; 

li. any statistically significant variation to the 
pre-mining activity water levels must not be 
due to the mining activity. 

C. Assessment of whether there are any obvious 
adverse impacts on vegetation communities 
reliant upon a range in water levels. Water level 
data has been maintained by the company at some 
locations for over 20 years and it is expected that 
monitoring will continue for at least 10 years 
after the end of mining. 


FAUNA CRITERIA 

The Rehabilitation Criteria include one directly 
relevant to fauna: 

‘The environmental authority holder must demonstrate 
that populations of endangered, vulnerable, rare or near 
threatened wildlife, as specified in the Nature Conservation 
Act 1992 and subordinate legislation, on the authorised 
mining tenement(s) will return to levels equivalent to other 
similar habitats on North Stradbroke Island.’ 


Fauna monitoring procedures noted in_ the 
Rehabilitation Monitoring section above, and related 
fauna research projects, are used to determine which 
Species are present in unmined and rehabilitated 
habitats, estimate their abundance, and determine the 
extent to which their habitat requirements have been 
re-established. Together, the information from these 
studies will be used to assess when this criterion has 
been met. Already, independent analysis of over 10 
years of data on the recolonisation of rehabilitated 
areas by the Koala, Phascolarctos cinereus indicates 
that this species is utilising rehabilitation for feeding, 
roosting and breeding (Cristescu et. al., 2011). 


EXCEPTIONS TO THE CRITERIA 
There are some circumstances where the agreed 
criteria may prevent the establishment of innovative, 
positive environmental outcomes. Sibelco has 
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identified that the proposed revegetation criteria could 
inhibit creation of habitat for specific fauna species 
and could prevent the creation of wetland vegetation 
communities. As such, it is proposed that in these 
circumstances parts of the revegetation criteria would 
not apply. The revegetation criteria detailed in EA 

Table H6-1(a) and H6-3(a) do not apply: 

a. where specific projects have been undertaken to 
increase fauna species diversity and abundance; 
and 

b. _ to the fringing vegetation surrounding artificially 
created waterbodies or watercourses. 


Sibelco has also identified that revegetation criteria 
could unnecessarily delay lease surrender where a 
different subsequent land use has been approved. In 
cases where such a land use and / or tenure have been 
approved on a lease area, a different set of criteria 
have been proposed. 


In the following circumstances, the acceptance criteria 
referred to below will apply instead of those referred 
to in EA Condition H1-1: 

a. if planning approval and/or alternative tenure 
approval has been granted for a post-mining land 
use other than rehabilitation to native bushland, the 
acceptance criteria in conditions H5 (geotechnical 
stability and erosion) and H7 (water quality) 
will apply and the land affected by the planning 
approval and/or alternative tenure approval will 
be stabilised against the forces of wind and water 
erosion by vegetation; and 

b. if an assessment area or part of an assessment 
area fails to meet one or more relevant acceptance 
criteria (read - rehabilitation criteria), those 
acceptance criteria will be deemed to be 
satisfied if the residual risk is determined in an 
environmental risk assessment to be low. 


Other exceptions include those water bodies that are 
the subject of more detailed investigations into the 
integrity of their perching systems, a legacy of poor 
past mining practices that Sibelco must address before 
relinquishment. 


VERIFICATION OF THE CRITERIA AND 
ONGOING ASSESSMENT 
Prior to finalising the Rehabilitation Criteria, Sibelco 
undertook detailed monitoring of typical reference sites 
and representative sites in 2006 to establish whether target 
values for the proposed criteria had either been met, or 
were likely to be within a reasonable time frame. 
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Figures 4 and 5 show the 2006 results for two of the 
criteria. In Figure 4, it can be seen that numbers of tree and 
understorey species in most rehabilitated sites are similar 
to or greater than those in the £. pilularis woodland, 
and only marginally lower than the C. intermedia open 
forest, while E. racemosa woodland has higher species 
richness. The oldest rehabilitated site (Bayside 1990) 
has fewer species, probably because of the techniques 
used at the time. It is likely that numbers of species will 
increase with time, and in response to fire. 


Figure 5 suggests that tree density in most rehabilitated sites 
is not likely to be significantly lower than that F. pilularis 
and C. intermedia reference sites. Tree density (e.g. Ibis 
2002) may increase over time; if not, supplementary 
planting or seeding is an option. It is also encouraging to 
see that no sites appear to have very high densities. This 
can cause problems due to suppression of understorey 
through competition for light, nutrients and water. 


Monitoring for other criteria also suggests that they 
too are likely to be achievable for the majority of sites 
established using the methods described earlier. This 
process provided reassurance to the company and 
stakeholders that the rehabilitation will be able to meet 
the defined objectives. For those sites where performance 
has not met agreed standards, the process described 
earlier for non-conforming rehabilitation (in the section 
on Revegetation Criteria) will be implemented to 
determine what course of action might be appropriate. 


Ongoing assessment against the criteria has been 
occurring since June 2006. To date, over 800 ha of 
rehabilitation have been assessed at least once, using 
the above criteria. The results are encouraging and 
demonstrate that the criteria are useful not only for 
final assessment but as a tool for guiding maintenance 
activities. For example, Gravina et. al. (2011) noted 
that without further intervention, 15 and 20 year old 
rehabilitation at the Gordon Minesite is unlikely to 
progress towards the reference sites and with continued 
exclusion of fire, younger rehabilitation may also 
become progressively dominated by a simplified stand 
of A. littoralis. It is Sibelco’s intent to implement a 
proactive management regime of selective thinning 
and burning within the Gordon area over the next 
few years. This has previously been undertaken at 
the Bayside and Amity Minesites with great success. 
The Gordon area has not received such maintenance 
to date due to a number of factors including; the 
inaccessible nature of the area, lack of safe fire breaks 
and a prolonged drought. 


CONCLUSION 

There has been a great deal of controversy surrounding 
the rehabilitation of mineral sands mined land along 
the east coast of Australia, and the rehabilitation of the 
high dune areas of North Stradbroke Island. With this 
controversy and increased scrutiny, the management of 
community and regulator expectations of rehabilitation 
has become as essential as the need for an understanding 
of the science behind successional processes involved 
in the restoration of post-mine landscapes. 
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FIG. 4. Mean native species richness per quadrat for five 
rehabilitation years across three rehabilitated sites compared 
with 75% mean native species richness for three native 
vegetation communities. Native vegetation communities are 
represented by two sites within each community. Eucalyptus 
racemosa woodland, Corymbia intermedia open forest and 
Eucalyptus pilularis woodland. 
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FIG. 5. Mean density of all trees (excluding A//locasuarina 
littoralis) >2m in height for five rehabilitation years across 
three rehabilitated sites compared with 75% mean tree 
density for three native vegetation communities. Native 
vegetation communities are represented by two sites within 
each community. 
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Community expectations have changed since the birth 
of the industry in the early 1950’s and community 
awareness of environmental issues in general has 
also increased. Values and expectations of mining 
companies have changed and communities no longer 
rely on government to deliver regulatory outcomes 
but instead they expect companies to provide a greater 
level of transparency and engagement than ever 
before. Communities are also generally impatient and 
do not wish to wait 20+ years before seeing whether 
rehabilitation expectations can be met. 


The Mineral sands mining industry has been an 
industry leader in mining restoration and despite a 
lack of published literature in what would be termed 
“pure science” journals, significant research into 
rehabilitation success in mineral sand mined areas 
has been undertaken at locations such as Eneabba and 
Capel in Western Australia, Myall Lakes and Tomago 
Sands in New South Whales (see Lewis, 1996 and 
Suhartoyo et al., 2006 for good examples). 


Increased community expectation and improvements in 
the science of rehabilitation make the selection of real, 
measureable rehabilitation criteria a necessity for any 
company wanting to mine in today’s environment. Sibelco 
is proud of its commitment to rehabilitation success on 
North Stradbroke Island through the development and 
commitment to the rehabilitation criteria described above. 
It has been a big commitment and one that will continue 
until rehabilitation outcomes are achieved. 


At the time of writing however it is unclear whether 
the company will get the opportunity to confirm 
that its rehabilitation criteria are met before land is 
relinquished. In April 2011, the state government 
of Queensland passed the North Stradbroke Island 
Protection and Sustainability Act 2011. One of the 
consequences of this act was the cancellation of a 
number of mining leases and the imposition of fixed 
end dates for the remainder of the mining leases under 
the company’s control. The implications of this Act 
are still unclear, however it appears that responsibility 
for whether rehabilitation criteria are met before lease 
relinquishment now rests with the state government 
for large parts for the rehabilitated landscape. 
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MINED SAND DUNE REHABILITATION SUCCESS ON NORTH STRADBROKE 
ISLAND - A STUDY OF THE ORIGIN AND EFFECTS OF HYDROPHOBICITY 


VAN DER WESTHUIZEN, C., RINTOUL, L. & BAUMGARTL, T. 


Hydrophobicity of topsoils increases the incidence of erosion and thereby impact on the rehabilitation 
success of mined sand dunes. In our study at North Stradbroke Island (NSJ), Australia, various topsoils 
used in the rehabilitation process exhibited distinct rehabilitation potential as a result of their water 
repellent characteristics. Four topsoils - (A) unused, (B) recently rehabilitated re-used, (C) formerly 
rehabilitated re-used, and (D) natural - with an additive (i.e., Terolas®, a crust forming bitumen 
emulsion used for road maintenance) - were investigated for soil physical properties. The same four 
topsoils’ chemical properties -i.e., hydrophobicity, total organic carbon (TOC), cation exchange 
capacity (CEC) and aliphatic carbon - were investigated before and after altering the organic content 
composition by extraction with water and isopropanol:ammonia solvents. 

We found that erosion susceptibility can be lowered by using unused topsoils. Although adding the 
bitumen crust-forming emulsion decreased infiltration rates, it is still essential for mined sand dune 
rehabilitation on NSI as it minimises the effects of strong wind. 

Re-used topsoils were the most hydrophobic possibly due to vegetation such as pine trees, used for 
previous rehabilitation which produce resin- or wax-containing organic compounds. The microbial 
degradation of aromatic compounds to aliphatic compounds can possibly contribute to re-used 
topsoils’ increased hydrophobicity. Aliphatic C, as determined by DRIFT spectroscopy, was found to 
contribute most to CEC and be the most hydrophobic fraction of TOC. Hydrophobicity, as measured 
by the Wilhelmy Plate Method, correlated well to the TOC/Aliphatic C ratio. The ratio of aliphatic C 
to TOC, as well as the reorientation of aliphatic compounds, was found to be the ‘memory’ of the soil 
surface affecting its rewetting characteristics. A 3rd order polynomial relationship was found to predict 
hydrophobicity, by considering the ratio of aliphatic C to TOC, with 93% accuracy. 
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INTRODUCTION 
A comprehensive literature study by Dekker et al. 
in 2005(a) revealed that since 1960, an average 
of 200 publications every five years focused on 
water repellency (hydrophobicity). The first 
authors to mention hydrophobic behaviour of 
soils were Schreiner & Shorey in 1910. Since 
then studies of hydrophobicity have focused on: 
quantification of the degree of hydrophobicity 
(Bachmann et al., 2003, 2000; Letey et al., 2000; 
King, 1981); causes of hydrophobicity (Krammes 
& DeBano, 1967); the effect of vegetation type on 
hydrophobicity (Wang et al., 2010; Wahl, 2003; 
Scott, 2000); the use of wetting agents (Dekker et 
al. 2005b); and many other studies with diverse 
emphases. However, the use and implementation 
of this wealth of knowledge in addressing practical 
issues as important as mined land rehabilitation is 
still lacking. By considering the role and origin 


of hydrophobicity in conjunction with general site 
properties (e.g., soil physical properties and soil 
amendments), it is possible to better understand 
and prevent rehabilitation failures. 


The typical environmental conditions of Stradbroke 
Island with wind speeds reaching 32 m.s-1, intense 
showers and sandy soils have occasionally been 
problematic for the Sibelco Mining Group’s efforts 
to rehabilitate mined sand dunes on North Stradbroke 
Island (NSI). With the recent announcement by the 
Queensland Government (20 June 2010) that mineral 
mining on NSI is to be phased out by 2019, and that 80 
percent of the island is to be declared a national park 
(Queensland Government, 2010), there is increased 
pressure to rehabilitate all mined areas to a standard 
worthy of national park status as soon as possible. 
Therefore, it is of great importance to minimise 
rehabilitation failure. 
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Rehabilitation success predominantly depends on 
the characteristics of the topsoils used. One topsoil 
property governing rehabilitation success is water 
repellency as it contributes, with other soil properties, 
to erosion incidence and affects plant available 
water. It is widely accepted that the primary cause of 
water repellent soils is the formation of hydrophobic 
organic surface coatings. Sandy soils, such as the ones 
investigated in this study, have a low specific surface 
area, and therefore, need little organic material to 
cover the mineral surface. Consequently, sandy soils 
are especially prone to becoming water repellent, even 
with a very low total organic carbon (TOC) content 
(Giovanni & Lucchesi, 1983). 


Compounds forming organic coatings can have several 
origins including plant leaf waxes, decomposing 
organic matter, root exudates and their biodegradation 
products, or from fungal or microbial activity (Franco 
et al., 1995: Ma’shum et al., 1988). In the first instance, 
water repellency is primarily dependent on the quantity 
and the type of organic matter (OM) in the soil (Arye 
et al., 2007). However, for any specific soil, the 
expression of the water repellency will also depend on 
the soil water content (Bachmann et al., 2008; Doerr 
et al., 2002; King, 1981) as well as the soil’s wetting 
and drying history (Doerr & Thomas, 2000). One of 
the mechanisms governing the expression of water 
repellency has been found to be the reconfiguration, or 
reorientation, of the amphiphilic organic compounds 
when they interact with the soil solution (Ellerbrock 
et al., 2005; Horne & McIntosh, 2000; Ma’sham & 
Farmer, 1985). 


The aim of this study was to investigate all 
mechanisms involved in the origin and expression 
of hydrophobicity, and thereby provide a better 
understanding of hydrophobic effects observed in 
mined sand dune rehabilitation. 


METHODS 

STUDY SITES 

Sibelco Group’s Yarraman minesite is located on NSI 
(approximately 27° 16S, 153°54E). NSI is a sand dune 
island off the southeast coast of Queensland, Australia. 
Located about 40 kilometres east of Brisbane, the 
island measures 32 kilometres in length, 11 kilometres 
at its widest and 285 square kilometres in area (28 500 
hectares). Mining commenced on NSI in the 1940s 
and approximately 15 percent of the area has since 
been mined and rehabilitated (Consolidated Rutile 
Limited, 2006). Topsoil samples were collected from 
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four sites at the Yarraman minesite. Sites were located 
in recently rehabilitated (A & B), earlier rehabilitated 
(C), and under natural eucalypt forest areas (D). 


Sites A & B: Sites A and B are part of a trial that 
was incorporated into progressive rehabilitation 
in November 2009 and evaluates different topsoils 
and additives. Sites A and B were rehabilitated 
using approximately 20 cm of unused and 20 cm 
of re-used topsoil, respectively. The unused topsoil 
was stripped and stockpiled sometime during the 
period 2000 - 2009. The re-used topsoil was used 
in earlier rehabilitation efforts during the previous 
mining period (1966 to 1972) of the Yarraman 
mine. In the earlier rehabilitation effort, topsoil 
B was vegetated with pine trees before being 
stripped once more for re-mining. 


The complete trial area has been amended with 
a 1:5 Terolas®:water mixture applied at a rate of 
1.8 litres.m-2 resulting in a ca. 2 cm crust. During 
sampling, rain showers occurred, making poor 
infiltration through the Terolas® crust obvious. 


Site C: Site C was rehabilitated in 2006 with re-used 
topsoil and has since been a point of concern due to 
erosion. Gully erosion was seen at several locations in 
the rehabilitated area even though the slope was less than 
10%. During a site visit, no infiltration was observed 
after a rain shower. Water was stagnant in small ponds 
for extended periods of time. Only remnants, in the 
form of dark coloured aggregates, of a four year old 
Terolas® crust were visible on the soil surface. 


Site D: Site D is a pristine forest under natural eucalypt 
vegetation and served as a reference site. Topsoil 
samples of bleached (elluvial) coarse sand were taken 
after removal of a ca. 5 cm organic litter cover. 


SOIL PHYSICAL INVESTIGATION 

Undisturbed soil cores for measurement were obtained 
by inserting stainless steel cores (55 mm diameter 
x 40 mm deep) vertically into the soil. Since it is 
predominantly the uppermost soil layer that determines 
the soil’s vulnerability to erosion due to surface runoff 
caused by hydrophobicity, we considered only the 
top 40 mm in this investigation. Core samples were 
handled such as to keep natural soil physical properties 
intact. Five intact samples were taken from each site. 
For sites A and B three core samples were taken with 
the Terolas® crust intact, and two after removing the 
crust. At site C, even though little of the Terolas® crust 
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remained, three samples were taken in areas where 
more Terolas® crust remnants were visible, and two in 
areas with less visible Terolas® crust remnants. 


SATURATED HYDRAULIC CONDUCTIVITY 

In order to avoid a fraction of the pores being 
excluded from water conduction by air locks forming 
during rapid saturation by submergence, core samples 
were prepared for saturated hydraulic conductivity 
determination by slow upward saturation. Complete 
saturation was accomplished by letting the samples 
sit in 20 mm of water until the surface of the samples 
were visibly wetted by capillary rise. An Eheim 
1048 laboratory permeameter was used to measure 
saturated hydraulic conductivity under constant 
hydraulic pressure. 


WATER DROP PENETRATION TIMES 

Water repellency was measured in the laboratory 
using the water drop penetration time (WDPT) test. 
Upon completion of saturated hydraulic conductivity 
measurements, the undisturbed core samples were 
dried and subsequently used for WDPT determination. 
Water repellency of the soils was accordingly rated 
as described by the NSW Department of Sustainable 
Natural Resources (2005). To achieve comparable 
conditions in the moisture status of the samples the 
undisturbed core samples were dried at low temperature 
(i.e. 30 °C for 48 hours). The low temperature was 
chosen to avoid any possible alteration of OM and 
thereby altering the hydrophobic character of the 
samples. The conservative temperature of 30 °C was 
chosen as a temperature the soil commonly experiences 
under natural conditions. 


BULK DENSITY 

After the WDPT measurements were completed the 
core samples were dried at 105 °C for 24 hours and 
dry bulk densities subsequently determined. Dry bulk 
density for each dried sample was determined in mass 
per unit of volume by dividing the soil mass in each 
core by the core volume. 


SOIL CHEMICAL INVESTIGATION 

For the purpose of soil chemical analysis three replicate 
bulk topsoil samples (0 - 100 mm) were collected at 
random within each study site. Samples were prepared 
for further investigation by drying at 30 °C before 
combining the three replicate samples from each site. 
The mixed and homogenised samples were lightly 
ground and sieved through a 630 um sieve in order to 
obtain the medium sand fraction and finer. Only the 


finer fraction of the soil material was investigated in 
order to amplify the effect of soil chemical properties 
and hence improve measurability. 


EXTRACTION, QUANTIFICATION AND RE- 
APPLICATION OF ORGANIC MATERIAL 

With the purpose of altering the composition of the 
soil’s OM, and consequently hydrophobicity, soil 
organic substances were extracted with solvents with 
different polarities, i.e., water (polar/hydrophilic) 
and an isopropanol:ammonia mixture (less polar/ 
amphiphatic). The extraction-induced changes in OM 
composition and hydrophobicity were investigated to 
determine the role of different organic compounds in 
the establishment of hydrophobicity of soils. 


For the extraction process two replicate 200 g samples 
from each site were transferred into one litre bottles. 
For each treatment, 500 ml deionised water was added 
to one bottle, while 500 ml isopropanol: ammonia 28% 
(7:3 volumetric) solvent was added to the replicate. 
The bottles were rotated for 24 hours and 8 rpm ina 
Gerhardt Rotoshake RS 12. The mixtures were then 
separated into solids and solvents using a Buchner 
funnel. Soils and extract residues were dried at 30 °C 
for further investigation. 


Following the method described by Ma’shum et 
al. (1988) and Doerr et al. (2005), dried extract 
residues were re-applied to incinerated soil. Extract 
residues were dissolved in 300 ul of chloroform per 
lg sand extracted and subsequently added to 20 g of 
soil rendered wettable by incineration of all organic 
material at 500 °C for approximately 12 hours. Re- 
applied samples were air dried at 30 °C for 24 hours 
before hydrophobicity was measured. 


In total there were six treatments: control (C), water 
extracted (W), isopropanol:ammonium = extracted 
(1:A), incinerated, re-applied water extract residue, and 
re-applied isopropanol:ammonium extract residue. 


DIFFUSED REFLECTANCE INFRARED 
FOURIER TRANSPORT 

Infrared (IR) spectroscopy provides a rapid, direct and 
non-destructive method of investigating soil organic 
matter. This method has been employed in numerous 
investigations for the qualitative as well as quantitative 
analysis of organic matter in soils, and as a tool to 
understand its hydrophobic properties (Ellerbrock 
et al., 2009; Doerr et al., 2005; Capriel et al., 1995; 
Zachmann, 1995). This method yields spectra where 
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different compounds present in the sample show 
absorption peaks at distinctive wavelengths, making 
it possible to quantify compounds present. 


Diffused reflectance infrared fourier transport 
(DRIFT) differs from other IR spectroscopic 
methods in that it measures diffused reflectance 
which is secondary scattered IR energy. Secondary 
absorption (1.e., the absorption measured by DRIFT) 
results from repeated absorption and reflection 
cycles, and therefore shows more pronounced 
adsorption for each compound, even in very low 
concentrations. For this reason, this technique is 
better suited than other IR spectroscopic techniques 
for investigating samples with very low amounts of 
the investigated compound. 


In this investigation, DRIFT spectra were obtained 
from the <200 um fraction of the soil samples diluted 
1:9 (gravimetric) soil:potassium bromide (KBr) 
(IR spectroscopic grade, Merck, Germany). Three 
subsamples were prepared for each treatment by 
lightly grinding the soil with the KBr. A Nexus 870 
FT-IR spectrophotometer fitted with a Specac diffuse 
reflectance unit was used to record the spectra. 
Lightly ground dried KBr was used as a background. 
For each subsample, 256 scans were recorded 
with a resolution of 8 cm-1. Spectra obtained were 
interpreted with OMNIC software developed by 
Thermo Electron Corporation. 


As found by Capriel et al. (1995) and accepted 
by Doerr et al. (2005), the area beneath the two 
absorbance peaks in the 2850 — 2990 cm-1 IR region 
was taken to be quantitatively related to the amount 
of aliphatic C-H bonds present. The values obtained 
are only quantitatively related in terms of the areas 
under the absorbance peaks and are not a measure of 
the absolute quantity of aliphatic C present. Without 
accurate calibration the exact amounts of aliphatic 
carbon present in the samples cannot be determined. 
Extensive calibration of the DRIFT method did not 
fall within the scope of this investigation. 


CONTACT ANGLE MEASUREMENTS WITH 
THE WILHELMY PLATE METHOD 

Contact angles are used as a measure of the wetting 
interaction (wettability) between solid and liquid 
phases. As described by Bachmann et al. (2003), the 
Wilhelmy plate method (WPM) is a tensiometric 
method for determining dynamic contact angles 
(O9wpm) by evaluating the hysteresis of advancing 
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and receding wetting forces of a single soil layer 
fixed to a plate when respectively immersed into, 
and retracted from a test liquid (1.e., distilled water 
at 20 “C). The contact angle between the water and 
soil layer, referred to as the dynamic advancing 
contact angle, is calculated from the upward force 
exerted by the water on the soil-covered plate when 
it 1s steadily immersed into the water. Dynamic 
advancing contact angles greater than 90° indicate 
hydrophobicity. As described by Hartmann et al. 
(2010), dynamic advancing and receding contact 
angles were measured using a Kruess K11 Surface 
Tensiometer with WPM. 


TOTAL ORGANIC CARBON 

Following a dry combustion method based on 
coulometry, a Stroehlein-Coulomat 270 was 
used for the total organic carbon (TOC) content 
determinations of 300 to 500 mg samples milled with 
a ball mill for 150 seconds at a frequency of 87.6 
s-1. Samples were heated to 1200 °C in an induction 
furnace under an oxygen stream for 3 minutes. CO, 
emitted by the oxidation of carbon compounds was 
led into a Barium Perchlorate [Ba(ClO,),] solution 
causing an acidification reaction. By back titration, 
the initial CO, emitted, and thus the C-content of 
the sample, was determined. Since no inorganic 
carbon was assumed to be present in any of the 
samples, the emitted carbon contents were regarded 
as TOC-contents. 


CATION EXCHANGE CAPACITY 

Cation exchange capacity (CEC) is an important 
criterion for the determination of the likely success 
of rehabilitation. Increasing CEC (e.g. by addition 
of OM) increases the ability of sandy soils to 
adsorb nutrients and make them available to plants. 
CEC was measured using a single 0.01M silver 
thiourea (AgTU) extraction method as described 
by Searle (1986). A Varian, Vista Pro inductively 
coupled plasma-optical emission spectroscopy 
instrument operating at 1200 W forward power 
with a Sturman-Masters spray chamber was used 
for the analysis. 


STATISTICAL ANALYSIS 

Where possible, all datasets were analysed statistically 
using appropriate analysis of variance (ANOVA) 
tables, t-Test (paired two samples for means) and 
regression analyses as incorporated in the Excel 2007 
software package (Microsoft Office 2007). Confidence 
levels for conclusions were chosen as 95% (P=0.05). 
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RESULTS 
PHYSICAL PROPERTIES 
The purpose of investigating undisturbed soil physical 
properties was primarily to detect differences between 
sites and secondly, to detect possible effects of 
Terolas® on the soil physical properties. The results 
are summarised in Table 1. 


DRY BULK DENSITY 

Only topsoil C (problematic re-used topsoil) had a 
significantly higher bulk density of 1.37 + 0.013 Mg.m- 
3 (metric tonnes per cubic meter). Terolas® was found 
not to have a Statistically significant effect on bulk 
densities. Bulk densities measured from all sites ranged 
from 1.15 to 1.4 Mg.m-3, which is low even for sands 
(see ‘Dry Bulk Densities’ in Table 1). Such low densities 
will not hamper water infiltration or decrease hydraulic 
conductivity as would be the case for a compacted soil. 
All reductions in hydraulic performance of the topsoils 
investigated can thus be ascribed to soil properties other 
than dry soil bulk density. 


SATURATED HYDRAULIC CONDUCTIVITY 
Samples from sites A and B with Terolas® took three 
days to saturate, where those without Terolas® could 
be saturated in only a few minutes. After four days 
of saturation of samples without Terolas® from site 
C, existing preferential wetting paths developed into 
preferential flow channels during measurement. This 
increased the flow by an order of magnitude and 
rendered the measured hydraulic conductivities of 
these samples erroneous. The preferential wetting paths 
were most likely caused by severe hydrophobicity of 
the samples from site C. 


After excluding topsoil C, the permeability coefficients 
(Ks) for the remainder of the topsoils without Terolas® 
(i.e., A, B and D) were analysed and D was found 
to be the only one with a significantly higher Ks of 
0.00054 + 0.00005 m.s-1 (see ‘Saturated Hydraulic 
Conductivities’ in Table 1) compared with 0.00035 
and 0.00034 m.s-1 for sites A and B. 


Considering Terolas® treated topsoils it was found 
that Terolas® had no significant effect on Ks with 
hydraulic conductivities ranging between 0.00058 
to 0.00097 m.s-1. It can, however, be concluded 
that the procedure of saturating the samples most 
likely overcame any hydrophobicity effect. Hence 
the hydraulic conductivities in the saturated state are 
mainly driven by the structure of the pore system 
rather than by chemical properties. The values for the 


hydraulic conductivity of soil without Terolas® are 
not significantly different compared with samples with 
Terolas®, which is not surprising as the soils consist 
of the same main unit of soil texture. 


WATER REPELLENCY 

To evaluate the water repellency of the topsoils under 
field conditions, WDPT tests were conducted. Even 
though this method of measuring water repellency 
produces non-reproducible results with high standard 
deviation, it was sufficient to illustrate the substantial 
differences in the soils’ infiltration properties. The 
application of the crust-forming additive, Terolas®, 
observably hampered the infiltration of water in 
rehabilitated topsoils. It was also evident that in the 
additive free state, topsoil C (‘problematic re-used’ ) had 
the strongest hydrophobic character, followed by topsoil 
B (re-used topsoil). Re-used topsoils thus generally 
exhibited more severe WDPT water repellency ratings 
(see ‘Field WDPT Repellency Ratings’ in Table 1). 


CHEMICAL PROPERTIES 

Soil chemical properties were investigated to find 
correlations between hydrophobicity, CEC, TOC and 
aliphatic C. The results are summarised in Table 2. 


DIFFUSED REFLECTANCE INFRARED FOURIER 
TRANSPORT 

When considering the areas under the DRIFT spectra’s 
aliphatic C absorbance peaks as provided in Table 2, it 
is clear that for the control samples (before extraction, 
‘C’) the largest area of 1.322 + 0.229 was measured 
for topsoil B. Topsoils A and C had the second and 
third greatest areas with values of 0.770 and 0.883, 
respectively. The lowest area of 0.451 + 0.091 was 
measured for topsoil D. This sequence is correlated 
with the rehabilitation age of the topsoils. We can thus 
conclude that the initial amounts of aliphatic C present 
in rehabilitated topsoil might be indicative of the 
rehabilitation age of the topsoil, with higher amounts 
indicating recent rehabilitation. 


When considering the differences in the areas under 
DRIFT absorbance peaks measured before and after 
extractions (i.e., the difference between control 
samples and water as well as Isopropanol:Ammonia 
extractions) extraction with water removed less 
aliphatic C than extraction with I:A, 1.e., the amounts 
of the remaining aliphatic C are higher using water 
extraction than the I:A solvent (see ‘Area Under 
DRIFT Absorbance Peaks’ in Table 2), except for the 
natural topsoil, site D. 
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TABLE 1. Summary of soil physical measurements 


Dry Bulk Density p 
(Mg.m-3) 


Saturated Hydraulic 
Conductivity Ks (m.s-1) 
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Field WDPT 
Repellency Rating 


Without Without Without 
With Terolas | Terolas With Terolas | Terolas With Terolas | Terolas 


Recently rehabilitated 
Unused Topsoil (A) 


Recently rehabilitated 
Re-used Topsoil (B) 


Earlier rehabilitated 
Re-used Topsoil (C) 


Natural Topsoil (D) 





0.00058 + 0.00035 + 
1.28+0.012 | 1.21+0.090 Severe Very low 
0.00060 0.00007 Repellence Repellence 
0.00034 + 
+ rs 
1.22+0.049 | 1.22+0.032 | 9:00097 pevels Not 
0.00098 0.00001 Repellence Significant 
0.00077 + n 
1.41+0.057 | 1.37+£0.013 0.00928 
0.00096 0.00043 
0.00054 + 


Severe Not 
Repellence Significant 
Moderate 


*- erroneous measurement N/A - treatment not applicable to topsoil 


The amounts of aliphatic C present after extraction 
with the I:A solvent were found to be statistically 
equal for all topsoils. This indicates that, regardless 
of the initial amount, a certain fraction of the aliphatic 
compounds is in such a form, or bound in such a way, 
that it cannot be extracted using the methods employed 
in this investigation. 


WILHELMY PLATE METHOD 

Using the WPM we found that for the control samples, 
topsoil C (‘problematic re-used’) had the highest 
hydrophobicity with a 9wpm of 171.3 + 6.5°, followed 
by topsoil B (‘re-used’) with a Owpm of 141.8 + 
5.5°, and topsoils A (‘unused’) and D (‘natural’) 
having statistically the same and less pronounced 
hydrophobicity with an average 9wpm of 108.7 + 3.4° 
(see “WPM Advancing Contact Angles’ in Table 2), 
These findings agree with the WDPT findings that re- 
used topsoils generally exhibit higher hydrophobicity. 


When considering the 9wpm values after extractions 
we found that there was a greater reduction in 
hydrophobicity by water extraction (lowering 8wpm by 
27.1° onaverage) than by I:A extraction (lowering 83wpm 
by 18.4° on average). However, when the extracts were 
re-applied to a wettable sand, the I:A extracts caused 
higher hydrophobicity (with an average 8wpm of 
170.2°) than the water extracts (with an average )wpm 
of 64.0°). Since the same solvent (1.¢., chloroform) was 
used for the redissolving and re-application of isolated 
extracts, the change in hydrophobic character with re- 
application can solely by ascribed to the material added 


to the incinerated soil, and not to the solvent. Therefore, 
as found from measuring the aliphatic C with DRIFT 
and weighing the dried extracts (see ‘Extracted Mass’ 
in Table 2), the amount of hydrophobicity-causing 
material removed by I:A extraction is higher than 
that removed by water, and therefore induces more 
hydrophobicity when re-applied to an incinerated 
soil. Even though the I:A extracts a greater amount of 
hydrophobicity-causing material than water, it does not 
lower the hydrophobicity more than water extraction. 
The magnitude of change in hydrophobic character 
during extraction thus has no correlation with the 
amount of hydrophobicity-causing material extracted, 
but rather to the solvent used to do so. 


TOTAL ORGANIC CARBON 

We found, for the control samples, that topsoil A had 
the highest TOC of 0.68% (as a mass percentage) 
followed by topsoil B with 0.45%, while topsoil C had 
the lowest TOC of 0.25%. 


Water on average extracted 18.3% of the TOC and 
I:A extracted 19.4% on average (see ‘Total Organic 
Carbon’ in Table 2). When the extracted OC was re- 
applied to an incinerated soil a greater hydrophobicity 
induced by the I:A extracts implied that I:A removed 
more OC than water. This is in agreement with DRIFT 
measurements and dried extract masses. 


CATION EXCHANGE CAPACITY 
Using the AgTU extraction method the CEC for the 
different topsoils before and after extraction with 
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TABLE 2. Summary of soil chemical properties as measured with standard deviations where possible. Control samples before 
extraction are referred to as ‘C’, after extraction with water as a hydrophilic solvent ‘W’, and after extraction with I:A as a 
amphiphilic solvent ‘I:A’. ‘Re-applied’ treatments refer to extract residues that were re-applied to incinerated samples. 


Recently Recently Earlier 
Treatinents rehabilitated rehabilitated rehabilitated Natural 
bak Topsoil | re-used re-used Topsoil (D) 
Topsoil (B) Topsoil (C) 


Control (C) 0.684 0.448 0.342 
Water extracted (W) 0.415 0.297 
Total Organic I:A extracted (I:A) 0.539 0.342 0.163 0.349 
Re-Applied Water Extract | 0.043 0.003 0.007 
Re-Applied I:A Extract 0.496 0.327 0.379 0.374 
Control (C) 110.843.4 141.8+45.5 171.3+6.5 106.6 + 3.5 
Water extracted (W) 99.0+0.2 119.9 42.6 1243+1.3 78.5+1.5 
WPM Advancing | 1: extracted (I:A) 106.0 + 3.9 138.945.8 120.4+3.9 91.7453 
Re-Applied Water Extract | 82.77+2.61 36.37 + 2.40 74.63 + 1.63 62.40 + 2.01 
Re-Applied I:A Extract 180.00 + 0 180.00 + 0 180.00 + 0 140.63 + 6.60 
Control (C) 1.95 + 0.05 1.39+0.01 2.49 + 0.24 1.88 + 0.03 
ea Exchange | Water extracted (W) 0.72+0.12 0.66 + 0.03 0.63 + 0.07 0.74 + 0.06 
apacity 
(cmol(+)/kg I:A extracted (I:A) 0.88 + 0.02 1.16+0.06 1.42 + 0.053 1.86 £0.05 
Control (C) 0.883 + 0.091 1.322 + 0.229 0.770 + 0.128 0.451 + 0.0.091 
Area Under 
DRIFT Water extracted (W) 0.599+0.129 |0.626+0.205 | 0.476+0.065 | 0.116+0.011 
aiid bance I:A extracted (I:A) 0.352+0.131 | 0357+40.056 | 0.344+0.130 | 0.23940.119 
ea 
Time (s) 
Rati 
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water and I:A solvents were measured. Topsoil C 
(‘problematic re-used’) had the highest CEC of 2.49 
+ 0.24 cmol(+)kg-1 in the control samples (‘C’), and 
furthermore, that CEC was reduced by both extraction 
methods, but more so by water extraction than by LA 
extraction, causing an average reduction of CEC of 
64.3% and 18.7%, respectively (see ‘Cation Exchange 
Capacity’ in Table 2). This implies that extracted 
organic material contributes to the soil’s CEC, which 
is in agreement with what is widely accepted in the 
literature. Also noteworthy is that irrespective of initial 
CECs, measured CECs after water extraction for all 
topsoils are statistically equal. This would confirm the 
point made earlier that only a certain fraction of OM 
can be removed by extraction; the rest is bound too 
strongly to be extracted. 


RELATIONSHIPS BETWEEN MEASURED 
PROPERTIES 

Since no clustering of sites or treatments was found the 
data were henceforth treated as one continuous dataset. 


Poor correlations (R2<0.45) were found for the 
relationships between hydrophobicity (measured in 
advancing 8wpm values) and TOC (%Ct) as well 
as aliphatic carbon (area under DRIFT spectra). 
However, when correlating 9wpm values to the ratio 
of DRIFT area to %TOC, a more significant 3rd 
order polynomial correlation was found (R2 = 0.88). 
Upon further investigation it was determined that one 
measurement could, with 93.7% certainty, be treated as 
an outlier. The outlier had a standard residual P-value 


200 - ¥ = 20,249x3 - 103,14x? + 175.15x + 15.541 
R? = 0.9263 
A 


oA 
mB 
ac 
*D 











0,0 0.5 1.0 1.5 2.0 25 3.0 3.5 
Aliphatic C/Total Organic C 


FIG. 1. Correlation of Wilhelmy Plate contact angles to the 
ratio of aliphatic carbon (measured as an area under DRIFT 
spectra) to TOC (as a mass percentage of soil made up of 
organic compounds) after removal of one outlier. 
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of 0.063, meaning that there is a 93.7% chance that the 
measurement is too different from the rest of the dataset 
to be considered part of the dataset. After removal of the 
outlier from the dataset, an even better fit was obtained. 
With an R2 of 0.93 and a P-value of 2.39E-06, it can 
be said with a greater that 99% certainty that the model 
predicts hydrophobic character of the investigated soils 
with 93% accuracy by considering the ratio of aliphatic 
C to TOC (see Figure 1). 


To illustrate the dependency of hydrophobicity on aliphatic 
carbon and TOC a 3D model was created (see Figure 2). 
When considering the reaction surface created by this 
model, it can be observed that TOC (with a P=0.001), 
aliphatic C (with a P=0.008), and the ratio between 
them (with a P=3.519E-05) have significant relations to 
hydrophobicity. TOC, aliphatic C and the ratio between 
them are all positively correlated to 8wpm. The model 
predicts that the lower the TOC, the greater the effect of the 
ratio. Regardless of the ratio, when % TOC and aliphatic 
C area under DRIFT exceed 1.25 and 0.5, respectively, the 
soil in question will be superhydrophobic. It also predicts 
that the contact angle cannot be lower than 23.5”. 


DISCUSSION 
As a result of the low bulk densities determined for 
all sites investigated, bulk density was eliminated as a 
possible cause for lowered soil hydraulic performance 
of the investigated topsoils. Using soil stabilisation 
additives during mined sand dunes rehabilitation is 
common practice, with the purpose of ameliorating 
infiltration and preventing wind and water erosion in the 


Contact angle (hydrophobicity) = 23.526 + 128.797* (% Total Carbon) 
-68.44* (Aliphatic Carbon) + 51.18 *(Aliphatic Carbon/ %Total Carbon) 
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FIG. 2. Three dimensional illustration of the relationship 
between hydrophobicity (contact angles on y-axis), total 
organic carbon (mass % Ct on x1—axis), and aliphatic carbon 


(area under DRIFT spectra on x2-axis). 


MINED SAND DUNE REHABILITATION SUCCESS ON NORTH STRADBROKE ISLAND - 373 
A STUDY OF THE ORIGIN AND EFFECTS OF HYDROPHOBICITY 


absence of vegetation. On the mine sites investigated it 
was found that the bitumen emulsion (Terolas®) used 
does not affect the soil bulk density or, based on our data, 
the saturated hydraulic conductivity. However, under 
dry conditions, infiltration rates measured by WDPT’s 
are reduced by Terolas®. This effect was clearly 
observable by the ponding and surface runoff visible 
after a rain shower. Even though Terolas® hampers 
infiltration, it is essential in the rehabilitation process 
on NSI to minimise the effects of strong winds. 


DRIFT analysis showed that newer rehabilitated 
topsoils generally contain higher amounts of aliphatic 
compounds. Aliphatic compounds might accumulate 
in stockpiled topsoils due to plant waxes derived 
from vegetation that grew on the stockpiles, e.g., 
pine tree in the case of re-used topsoil B. Wang et al. 
(2010) found that coniferous forest soils, even with a 
smaller amount of TOC, were more hydrophobic than 
deciduous forest soils, due to the elevated content of 
resin or wax containing organic compounds. 


Another explanation for the increased amounts of 
aliphatic C in newly rehabilitated topsoils is the microbial 
degradation of aromatic compounds. As described by 
Evans (1963), aromatic compounds from decomposed 
plant litter or root exudates are microbially degraded, 
either partially or completely, to less complex aromatic 
and aliphatic compounds. In effect, this would imply 
that aromatic C is converted to aliphatic C. With sparse 
vegetation on stockpiles, aromatic C cannot be replenished 
causing an increase in the aliphatic to aromatic C ratio 
leading to an increase hydrophobic character. 


Dynamic advancing contact angles measured with 
the Wilhelmy Plate Method confirmed, in agreement 
with WDPT measurements, the observations made 
in the field that site C followed by site B were 
severely hydrophobic. Sites A and D exhibited lower 
hydrophobicity of 110.8° and 106.6°, respectively. 
With a @wpm of 170°, topsoil C was superhydrophobic, 
which could account for the gully erosion and a lack 
of water infiltration observed. At 140°, topsoil B 
also showed severe hydrophobicity. Re-used topsoils 
therefore generally exhibit greater hydrophobic 
character and thus impose an erosion risk when used 
as topsoil in rehabilitation. 


Contact angle measurements showed that the change in 
hydrophobic character resulting from extraction was not 
dependent on the amount of hydrophobicity-causing 
material extracted, but rather on the solvent used. When 


considering water as a polar solvent and I:A as a less polar 
(amphiphilic) solvent, the reorientation of organic material 
can explain this phenomenon. As found with the DRIFT as 
well as CEC measurements, just a fraction of the OM was 
removed by extraction. The residual organic compounds 
were still chemically active and thus responsible for the 
measured hydrophobicity when rewetted. When extracted 
with (hydrophilic) water, the residual organic compounds 
orientate themselves with their polar ends outwards L.e., 
towards the water. Drying has no effect on the orientation 
of the organic molecules and subsequent rewetting results. 
Hence, a more hydrophilic response occurs at rewetting 
after water extraction. I:A extraction causes residual 
organic compounds to orientate themselves with their more 
non-polar (i.e., hydrophobic) ends outwards and result in 
the higher hydrophobicity measured. This mechanism was 
described by Doerr and Thomas (2000) as the wetting and 
drying history of the soil. It can also be described as the soil 
surface’s ‘memory’. Arye et al. (2007), Horne & McIntosh 
(2000), and Ma’shum & Farmer (1985) found simular 
evidence to indicate that aliphatic organic compounds 
orientate according to the soil solution, and consequently, 
affect the hydrophobic character upon rewetting. 


The extraction of organic compounds with the [:A 
solvent led to darker colouration and higher masses of 
the extract compared to water extracts. Consequently, 
it can be concluded that more aromatic carbons (humic 
substances/tannins) were removed from the soils by the 
I:A solvent. Although the extracted substances were 
not differentiable, it may indicate that the change in 
hydrophobicity is not solely dependent on the amount 
of hydrophobicity-causing aliphatic carbon, but rather 
on the ratio of aliphatic carbon to TOC. This theory 
is also supported by findings of Capriel et al. (1995). 
This would imply that aliphatic carbon is the most 
hydrophobic portion of TOC (as found by Ma’shum et al. 
in 1988), with the rest (i.e., aromatic carbon) being less 
hydrophobic. Removing more of one fraction than the 
other can give the residual organic fraction a ‘memory’ 
which affects the rewetting characteristics of the soil. 


Bachmann et al. (2008) found that OM is less 
biodegradable due to the aggregate stabilisation effect 
observed in water repellent soils. Nelson et al. (1999) 
found that soil aggregates with higher fractions of 
aliphatic compounds were more difficult to disperse 
in solution than those with higher aromatic fractions. 
They proposed that the higher level of cation bridging, 
smaller particle size and higher surface charge of 
aliphatic than aromatic compounds promote aggregate 
stability. These properties also contribute to aliphatic 
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C having a higher CEC than aromatic C. The surface 
charge of adsorbed OM is dependent not only on 
the amount of adsorbed OM, but also on the ratio of 
aliphatic to aromatic C. 


In support of the aforementioned conclusions, we found 
that there is a well correlated 3rd order polynomial 
relationship between the hydrophobicity and the 
ratio of aliphatic C to TOC, and thus, the aliphatic to 
aromatic C ratio (see Figure 1). The model predicts 
that for most ratios, contact angles will be in the range 
of 90° to 110°, indicating slight hydrophobicity. Thus 
most soils will be slightly hydrophobic, and only when 
the ratio shifts to comparatively high values, will 
severe hydrophobicity occur. Since the aliphatic C 
measurements cannot be quantified without extensive 
calibration of the DRIFT method, the determination 
of the exact fraction of TOC consisting of aliphatic C 
was unfortunately not possible. Although Capriel et 
al. (1995) found the same correlation they predicted a 
linear relationship rather than a polynomial one. 


Athree dimensional reaction surface ofamodel representing 
the measured dataset with 93 percent accuracy illustrates 
the complexity of the correlation between hydrophobicity, 
TOC and aliphatic C (see Figure 2). In the equation the 
factor for aliphatic C is negative, but from the reaction 
surface it can be seen that an increase in aliphatic C 
Causes an increase in hydrophobicity. This implies that the 
positive effect of the aliphatic C to total organic C carries 
more weight, and thus dominates the aliphatic C effect. 
Such a model could be used as a potential rehabilitation 
assessment tool for topsoils earmarked for rehabilitation, 
and management of individual soils accordingly altered. 


CONCLUSIONS 
We conclude that: 
The extent of hydrophobicity in the investigated sand 
is driven primarily by aliphatic compounds and their 
proportional relationship to TOC; 
Aliphatic compounds have a higher CEC than aromatic 
compounds; 
DRIFT spectroscopy has been confirmed as a 
useful method to quantitatively determine aliphatic 
compounds in soil; 
The orientation of adsorbed organic molecules is 
determined by the polarity of the solvent used to 
extract organic matter and the extent of hydrophobic 
behaviour after drying is a result of the conservation 
of this orientation during the drying process; 
The hydrophobic character of topsoils used for mined 
sand dune rehabilitation increase with time during 
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stockpiling as a result of an increase in the aliphatic 
C/TOC ratio caused by microbial degradation of 
aromatic C to aliphatic C; and 

Further research into the calibration of the DRIFT 
method to enable quantification of aliphatic C, a 
measurement of the aromatic C fraction and a measure 
of the potential soil surface activity/energy could 
confirm findings. 
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THE INFLUENCE OF TOPSOIL MANAGEMENT ON STRADBROKE ISLAND 
SAND MINE REHABILITATION: IMPLICATIONS FOR ECOSYSTEM RECOVERY 


VAN GORP, L. & ERSKINE, P.D. 


Topsoil management has been shown to be a key factor in determining restoration success, however, 
few long-term studies have evaluated the relative effectiveness of different topsoil strategies following 
mining. This study compared restoration success of three topsoil techniques at rehabilitated sand mine 
sites on North Stradbroke Island, Queensland, Australia between 2 and 11 years of age. The three soil 
placement techniques compared were: 1) stockpiled soil; 2) directly returned fresh soil; and 3) double 
stripping, where the uppermost few centimetres of topsoil is stripped separately to the B horizon and 
returned in sequence. Restoration success was assessed using a number of soil and vegetation indicators. 
Topsoil technique was shown to be most influential in the restoration of soil microbial biomass and bulk 
density. Double-stripping and direct return of topsoil generally yielded improved understory species 
richness and recruitment from the soil seed bank compared to stockpiling. These differences were 
strongest between treatments at the youngest site, however, the similarity of stockpiled sites to unmined 
open forest communities generally increased with time following rehabilitation. Assessment of longer- 
term restoration outcomes, such as these, enables more appropriate management recommendations to 


be made to enhance successional progression of rehabilitated dune island communities. 
Key words: double-stripping, direct return, Stradbroke Island, rutile 
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INTRODUCTION 

Mining of heavy minerals from coastal dune systems 
leads to considerable destruction of the vegetation 
as well as disturbance of the soil and subsequent 
loss of its biological, chemical, and physical fertility 
(Rate et al. 2004; Cummings et al. 2005). Legislation 
and changing social attitudes in many countries of 
the world increasingly demand reparation of the 
degradation that results from mining activities (Gilbert 
2000; De Villiers et al. 2003). 


Ecological rehabilitation methods need to improve 
so that biodiversity values that were present prior 
to disturbance can be successfully restored. Factors 
influencing successful re-establishment of vegetation 
in mine site rehabilitation include water availability, 
scale of degradation, topography (Carrick & Kriger 
2007), temperature and soil moisture status (Grant 
et al. 1996). However, topsoil application is one of 
the key factors influencing successful rehabilitation 
(Rokich et al. 2000; Carrick & Krtiger 2007). 


Topsoil application to post-mined areas has become 
common practice within most mine sites because of 
its beneficial effects on restoration success (Grant et 
al. 1996; Carrick & Krtiger 2007; Rokich & Dixon 
2007). A number of studies have demonstrated 


increased establishment, survival, growth and cover 
of vegetation on sites following the use of topsoil 
compared to those which have not (Harwood et al. 
1999; Holmes 2001; Tormo et al. 2007). The success 
of using topsoil in rehabilitation can be attributed 
to its favourable physical and water availability 
characteristics as well as the fact that it holds most of 
the soil organic matter, seeds and nutrients (Tacey & 
Glossop 1980; Ward et al. 1996; Brown & Grant 2000; 
Rokich et al. 2000; Carrick & Kriiger 2007; Tormo et 
al. 2007). The stores of viable seeds contained within 
soil and on its surface are referred to as the soil seed 
bank (De Villiers et al. 1994) and may even represent 
the only supply of propagules from which particular 
Species can recruit in mine rehabilitation (Rokich et 
al. 2000; Rokich & Dixon 2007). However, efficiency 
of seedling establishment from the soil seed bank has 
been shown to be very low, at less than 5% (Grant et 
al. 1996). These deficiencies may be associated with 
the fact that, following its removal from pre-mining 
areas, topsoils are commonly stored in stockpiles prior 
to being respread. 


Storage of topsoil for prolonged periods can result 
in depletion of the soil seed bank due to germination 
or burial and decomposition during storage (Qi et al. 
1996; Rokich et al. 2000; Carrick & Krtiger 2007). 
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Soil quality can also be reduced as soil nutrients and 
organic matter diminish and bulk density increases 
following stockpiling (Kundu & Ghose 1997; Loch 
& Orange 1997; Graham & Haynes 2004; Carrick 
& Kruger 2007). For these reasons, immediate 
reapplication of topsoil removed prior to mining has 
been widely recommended in the literature (Ward 
et al. 1996; Ward et al. 1997; Rokich et al. 2000; 
Schwenke et al. 20005; Corbett 2003; Paschke et al. 
2003; Carrick & Kruger 2007; Koch 2007). 


Another topsoil strategy that has been trialled is 
double-stripping. This method also involves direct 
return of topsoil following removal, but in this case 
the uppermost topsoil layer of only a few centimetres 
is stripped separately to the remainder. During re- 
application, the two separate layers of topsoil are 
respread in the same sequence. Only a few studies 
have examined this technique in comparison with 
stockpiling (Tacey & Glossop 1980; Nichols & 
Michaelsen 1986; Schwenke et al. 2000a) however, 
two of these were confounded due to comparison of 
sites of differing ages (Tacey & Glossop 1980; Nichols 
& Michaelsen 1986) and another involved separate 
removal of the upper 30 cm instead of only a few 
centimetres (Schwenke et al. 2000a). Nevertheless, 
these studies suggest that double-stripping can lead 
to improved soil and vegetation outcomes compared 
with stockpiling. 


Depth of topsoil is a key consideration, as it can 
influence the availability of seeds and the ability of 
seedlings to germinate and emerge in rehabilitated areas 
(Grant et al. 1996; Rokich et al. 2000), subsequently 
affecting restoration success. Studies indicate that 
the majority of seeds are stored within the upper 2 to 
10 cm of soil (Tacey & Glossop 1980; De Villiers et 
al. 1994; Grant et al. 1996; Qi et al. 1996; Grant & 
Koch 1997; Rokich et al. 2000; Grant & Macgregor 
2001; Zhang et al. 2001; Carrick & Kriiger 2007) 
which suggests that removing only these upper-layers 
of topsoil may be necessary to ensure sufficient seed 
bank is transferred to rehabilitation areas. 


This suggests that double-stripping may be preferential 
to stockpiling, not only because it is directly returned, 
but also due to its ability to maintain most of the seed 
bank within the uppermost depths of topsoil throughout 
the topsoil process. However, some authors have found 
that topsoil depths of at least 30 cm lead to enhanced 
vegetative production and canopy cover compared 
with smaller depths (Redente & Hargis 1985; Holmes 
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2001; Schladweiler et al. 2005) at sites up to three 
years in age. Longer-term review (Redente & Hargis 
1985) found that there was no difference in canopy 
cover and aboveground production between differing 
topsoil depths ten years after rehabilitation (Redente 
et al. 1997). This example of conflict between short 
and longer-term trials highlights the importance of 
verifying whether short-term trends are maintained 
over time. Succession in disturbed communities takes 
a long time to proceed (Nichols & Michaelsen 1986) 
and only very limited research has considered effects 
of topsoil management in sites older than five years. 


This study aimed to determine whether there was a 
difference in mine site restoration success at a sand 
extraction mine in a coastal dune system following 
the use of three different topsoil techniques. In line 
with the majority of prior studies, it was hypothesized 
that restoration of soil condition and vegetation 
composition and structure would be enhanced in both 
directly returned and double-stripped conditions when 
compared with stockpiling. 


MATERIALS AND METHODS 

STUDY AREA 

The study was conducted on rehabilitated areas of a 
heavy mineral sand mine on North Stradbroke Island 
(between 27° 20’ to 27° 45’ S and 153° 20’ to 153° 33° 
E), situated off the coast of south-eastern Queensland, 
Australia. The region’s climate is sub-tropical with 
summer-dominated rainfall and annual precipitation 
averaging over 1,500 mm. The parent materials 
present on the island consist mainly of sand, as well 
as some organic mud from marine or freshwater 
deposits. These underlying materials have given 
rise to predominantly podzolic soils and siliceous 
sands (Stace et al. 1968; Thompson & Ward 1975). 
Vegetation communities found on the island include 
mangrove, rainforest, heathland, frontal dune and high 
dune systems (Durbidge & Covacevich 2004). 


The sand mining company, Sibelco Australia Limited, 
holds a substantial number of mining leases to extract 
mineral sands from North Stradbroke Island. Their 
rehabilitation process involves initial replacement 
of most of the sand volume to reflect topography of 
the site prior to mining. D9 bulldozers are used to 
recontour these landforms and then trucks rear-dump 
mounds of topsoil at the top of the dunes. Bulldozers 
are used to re-spread topsoil to a depth of 30 cm and 
rip down slope. Topsoil is generally stockpiled for 
a period of up to 24 months. A seed mix containing 
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a Sterile cover crop of Sorghum sp. (Sorghum) and 
approximately 30 native species as well as a bitumen 
emulsion (called Terolas) are applied to stabilize the 
soil. After about 18 months, tree seedlings of native 
tree species are also planted (Corbett 2003). 


Topsoil trials of varying ages have been established on 
certain rehabilitated sites within the mined area, using 
either direct return or double-stripping methods (Table 
1). Direct return involved removal and immediate 
replacement of the upper 30 cm of topsoil onto an 
area already prepared for rehabilitation. Double- 
stripping procedures entailed a similar process, except 
the upper 5 cm of soil was stripped separately from 
the remaining 25 cm. Both layers were respread in the 
same order. The restoration success of either double- 
stripping or direct return strategies was compared to 
that of a directly adjacent site of the same age that 
had undergone stockpiling of the topsoil. Paired sites 
had the same elevation, aspect, age of rehabilitation 
and seed mix application. It is likely that the topsoils 
were sourced from similar regional ecosystems but 
the exact origin of the different topsoil is unknown. 
Comparison of topsoil placement areas adjacent to 
each other aimed to reduce inherent spatial variability 
due to factors such as these. In this way, differences 
in the measured dependant variables could be more 
confidently attributed to the topsoil management 
method. One exception to this occurred at the 7 year 
old site where trees were planted in the stockpiled soil 
but not at the double-stripped site. 


STUDY METHODS 

Due to the small area covered by each of the topsoil 
trials (between | and 9.9 ha), sampling was conducted 
using 25 x 4 m primary plots. Within these plots a 25 
m cover transect ran through the centre and 1 x 1 m 
understory quadrats were placed along the transect, 
with a total of 5 quadrats per plot. 


A minimum requirement of three primary plots per 
site was also implemented to quantify within-site 
variability. Primary plots were randomly placed 
within each study site, but were all positioned running 
across the dune to avoid running along rip lines (apart 
from in reference communities) that occur along the 
length of a rehabilitated dune. To take into account 
potential overlap of treatments, a buffer zone of 10 m 
was designated around the perimeter of each site into 
which primary plots could not be allocated. Sampling 
was undertaken within a 3-month period to ensure 
seasonal variation did not affect results. 


RESTORATION OF SOIL CONDITION — To 
determine whether there was a difference in soil 
condition between stockpiled and either directly 
returned or double-stripped topsoil, soil characteristics 
were compared between treatments in each paired 
comparison. As topsoil removal and stockpiling has 
been shown to affect a range of soil parameters (Kundu 
& Ghose 1997; Loch & Orange 1997; Paschke et al. 
2003; Graham & Haynes 2004; Carrick & Kriger 
2007) a selection of these including bulk density, 
microbial biomass, pH, electrical conductivity (EC), 
nitrate and ammonium were examined the to determine 
the restoration of soil condition (Schipper & Sparling 
2000; Wilson et al. 2008; Schlesinger 1997). 


BULK DENSITY — Bulk density values were determined 
from six random samples obtained at each site using the 
core method as per Blake and Hartge (1986). As the loose 
structure of the sand prevented consistent attainment of 
intact soil cores from the uppermost layer of topsoil, 
cores were taken at a depth of 4-8 cm. 


pH AND EC -— Soil pH and EC were measured for 
ten random samples of air-dried, sieved soil from 
the upper 0-10 cm at each site as per Rayment and 
Higginson (1992). 


TABLE 1. Description of study sites including rehabilitation age and topsoil trials undertaken. 


Site Name 

2 year old site 

7 year old site 

10 year old site 

11 year old site 
Four 


open Eucalypt 


Unmined Sites (1-4) 





Description of Site 
Stockpiled treatment vs Direct Return treatment 
Stockpiled treatment vs Double-stripping treatment 


Stockpiled treatment vs Direct Return treatment 
Stockpiled treatment vs Double-stripping treatment 


woodland 
(Regional Ecosystems 12.2.6 and 12.2.10) 


communities typical of pre-mined conditions 
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NITRATE AND AMMONIUM EXTRACTIONS 
— Within each primary plot, three soil samples from 
0-10 cm depth were collected along the cover transect. 
These samples were combined in a plastic bag and 
thoroughly mixed to form one composite sample per 
primary plot. Potassium chloride (KCl) extractions 
were taken in the field using 25 mL of soil in 100 
mL of 1M KCI solution (Keeney and Nelson 1982). 
Resultant filtered supernatants were stored at less 
than 4 °C until they were returned to the laboratory. 
Extracted nitrate and ammonium were determined 
colorimetrically by a SEAL Analytical AQ2+ Discrete 
Analyser using methodology outlined in Rayment and 
Higginson (1992) and Baethgen and Alley (1989) for 
nitrate and ammonium proportions respectively. 


MICROBIAL BIOMASS ESTIMATION — Microbial 
biomass was estimated using the chloroform 
fumigation-incubation method (Amato & Ladd 1988) 
with estimation of ninhydrin-reactive nitrogen as per 
Moore and Stein (1954). One composite soil sample 
was analysed for every site, each consisting of 10 
samples collected to a depth of 10 cm. Samples were 
refrigerated until analysed within 10 days of collection 
in the field. Microbial biomass C was calculated: 


Biomass C = 21 * ninhydrin-reactive amino acids 
(Amato & Ladd 1988). 


RESTORATION OF VEGETATION — Within each 
primary plot the abundance and species of all trees 
taller than 2 m was recorded and their diameter at 
breast height (DBH at 1.3m) measured. The height of 
2 m was selected on the basis that saplings of at least 
that size are more likely to survive and contribute to 
the canopy. The abundance of all understory species 
found inside the quadrats were identified. 


From these measurements, understory and overstory 
biodiversity (species richness and Fisher’s © 
biodiversity index) as well as total overstory basal 
area were calculated. Fisher’s @ was selected as a 
measure of biodiversity based on a review of indices 
recommending its use due to its ability to discriminate 
between sites, its low dependence on sample size and 
its ecologically- and statistically-reliable performance 
(Magurran 1988). 


Understory species data was used to determine 
numbers of weed and seed bank species at each site. 
Weed species were defined as those not native to 
the island. Seed bank species were defined as native 
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species that did not originate from the applied seed- 
mix. As all sites were younger than 12 years in age 
it is unlikely that many species originated from long- 
distance dispersal. 


At 1 m intervals along the cover transect, presence 
or absence of canopy and ground cover (vegetation, 
litter, cryptograms or Terolas) was evaluated by visual 
estimation. 


Four reference sites, that form the basis of Sibelco’s 
rehabilitation completion criteria, have overstorey 
combinations of Eucalyptus racemosa, E. pilularis, E. 
planchoniana and Corymbia intermedia (Queensland 
Regional Ecosystems 12.2.6 and 12.2.10). These 
sites were used to compare the understorey species 
composition of unmined vegetation with that of the 
rehabilitated sites. 


DATA ANALYSIS 

Student’s ¢-tests were used to compare soil characteristics 
between the two topsoil treatments applied at each 
paired site. In the case of microbial biomass, values 
were calculated across four pseudo-replicates from each 
composite sample. As a result, conventional statistics 
were not used to compare these values. 


With regard to vegetation variables, overstory basal 
area, species richness, Fishers a, the number of weed 
species and the number of species originating from 
the seedbank were also compared between treatments 
at each site using f-tests. For these comparisons, each 
primary plot represented an independent replicate. 


Similarity of understory community composition 
between sites was examined by first computing 
Bray-Curtis similarity coefficients, following square- 
root transformation of data to down-weight some 
notably dominant species (Clarke & Warwick 1994). 
These coefficients determine the similarity in species 
composition and abundance between samples. Bray- 
Curtis similarities were then mapped using non- 
metric multi-dimensional scaling (MDS). In the 
resultant two-dimensional MDS output, the closer 
any two points are; the more similar their community 
composition (Clarke & Gorley 2006). A one-way 
analysis of similarity (ANOSIM; Clarke & Gorley 
2006) was used to test whether there was a difference 
in community composition between sites. 


Progression of understory composition towards that of 
unmined sites was investigated by plotting Bray-Curtis 
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TABLE 2. Mean values for all soil and vegetation parameters measured, with significant differences indicated. 


[|__| Double-stripping vs Stockpiled Direct return vs Stockpiled 
Tr @ 11 year old site 7 year old site 10 year old site 2 year old site 


Double- Stock- Double- Stock- Direct Stock- Direct Stock- 
stripping | piled stripping | piled return piled Return piled 
Restoration of Soil 
Condition 


en (mh e 0.004 0.003 ns. | 0.004 0.005 ns. | 0.005 0.008 ns. | 0.005 0.007 ns. 
Microbial biomass C 
(mg/kg) ” 

Restoration of 
Vegetation 

Canopy cover (%) 


Total overstory basal 
ee plot (m?7/ 


7 species 
richness/100m? 
Overstory Fishers a ” oa 


Ground cover (“%) 


No. of weed species in 
understory/S5m? 


No. native understory 
species not originating 
from seed mix/5m?° 


Understory species 
richness/5n? 
Understory Fisher’s 
g 2 


Note: * p < 0.05; ** p< 0.01; *** p< 0.001; n.s. = not significant; - = value is zero; (1) The value of microbial biomass C for 
the 2 year old stockpiled site was obtained after averaging three pseudo-replicates, following removal of an outlier resulting 
from analysis error; (2) Due to its formula {a = [N(1-x)]/x, where S/N = [(1-x)/x][-In(1-x)], S = no. of species and N = no. of 
individuals (Magurran 1988)}, Fisher’s a cannot be calculated for samples for which the total number of species is equal to the 
total number of individuals. Therefore, Fisher’s a could not be calculated for one of the understory and overstory samples at 
the 7 year old Stockpiled and double-stripped sites respectively, where this was the case. As a result, mean values of Fisher’s 
o. for these sites were calculated using only two replicates. 
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similarity of stockpiled rehabilitated sites to unmined 
sites against time and running linear regression 
analyses. Average species richness values were also 
plotted against time for all sites. Linear regression 
analysis was used to give an indication of the trend 
over time for the stockpiled treatment but not for the 
direct return and double-stripping methodologies as 
they each only had two time-points. 


RESULTS 

RESTORATION OF SOIL CONDITION 

Mean bulk density was consistently found to be 
higher in each of the stockpiled plots than the directly 
returned or double-stripped plot to which it was 
compared. However, only the mean bulk density of 
2-year-old stockpiled and directly returned plots 
differed significantly (¢t = 2.69, p = 0.02) (Table 2). 


Soil pH values ranged between 4.4 and 5.8 across 
all sites. No difference in pH was found between 
the 11 year old stockpiled and double-stripped sites 
or the 10 year old stockpiled and directly returned 
sites. At the 7 year old site, mean pH was found to be 
significantly higher in the double-stripped compared 
to the stockpiled treatment (tf = 2.65, p = 0.02). 
Conversely, mean pH was significantly lower in the 
directly returned than the stockpiled condition at the 2 
year old site (t = 5.87, p < 0.001) (Table 2). 


Soil EC, nitrate and ammonium values were low at all 
sites, and there were no significant differences between 
stockpiled and either double-stripped or directly 
returned treatments at any of the sites (Table 2). 


Although no statistical tests were performed to 
compare microbial biomass C_ between _ topsoil 
treatments, it was consistently found to be higher 
in double-stripped and directly returned treatments 
compared to stockpiled plots (Table 2). 


RESTORATION OF VEGETATION 

Significantly different overstory characteristics were 
found at the 7-year-old site, with canopy cover (f = 
4.30, p = 0.05), tree basal area (t = 4.66, p = 0.04) and 
mean species richness (¢ = 3.54, p = 0.02) greater in 
the stockpiled than the double-stripped plots (Table 2). 
Overstory Fisher’s a was not found to differ between 
topsoil methods at any of the paired sites (Table 2). 


Ground cover was consistently higher (>12%) in 
the double stripped and directly returned topsoil 
treatments compared to the paired stockpiled topsoil 
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sites. However, these differences were only statistically 
different at the 11-year-old site where mean ground 
cover was 46% higher in the double-stripped than the 
stockpiled condition (¢ = 2.79, p = 0.05) (Table 2). 


Weeds were only present at the youngest, 2-year- 
old, site. At this site, there was no significant 
difference in the mean number of weed species 
found in the understory between the topsoil 
conditions (t = 0.63, p > 0.05) (Table 2). In each 
paired comparison, the mean number of native 
understory species originating from the seed 
bank was higher in all double-stripped or directly 
returned plots compared with their adjacent 
stockpiled site. However, the only significant 
differences in the number of seed bank species 
were at the 2-year-old site (¢t = 9.83, p = 0.01). 


The 2-year-old site was also the only one where 
understory species richness and Fisher’s o biodiversity 
index were significantly different, with the directly 
returned treatment having higher mean values than 
its stockpiled counterpart (Table 2). The mean values 
of richness obtained for both treatments at the 2 
year old site also represented two of the uppermost 
values obtained across all sites. Across all sites there 
was a general decline in understory species richness, 
regardless of topsoil treatment, over time since 
rehabilitation (Fig. 1). 


An MDS ordination plot (Fig. 2) illustrates the 
spread of understory species composition at the 
different sampling sites. The ANOSIM indicated 
a significant difference in community assemblage 
amongst the sites (global R = 0.793, p < 0.001). 
Specific pair-wise comparisons showed a 
significant difference in community composition 
between topsoil treatments at the 11 year old (R = 
0.815, p=0.1), 7 year old (R = 0.593, p =0.1) and 
two year old (R = 0.593, p = 0.1) sites. There were 
also significant differences of similar magnitude 
in community composition between some of the 
unmined sites (range of significant R values: 
0.556-1, p =0.1). 


From the MDS ordination plot (Fig. 2), sites that 
tended to be most dissimilar to the unmined sites 
were the two youngest stockpiled sites (2 and 7 
years of age). Fig. 3 demonstrates the positive 
relationship between similarity of the stockpiled 
rehabilitation sites to each unmined site against 
time since rehabilitation. 
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DISCUSSION 

RESTORATION OF SOIL CONDITION 

Bulk density was higher in all stockpiled soil plots 
than in their comparable directly returned or double- 
stripped counterparts. Stockpiling increases soil bulk 
density due to compaction from heavy vehicles (Kundu 
& Ghose 1997; Malik & Scullion 1998; Schwenke etal. 
20005) and in spite of the trends in this rehabilitation, 
only differences between topsoil treatments at the 
youngest (2-year-old) site were significant. Moreover, 
the highest bulk density values were obtained in the 
stockpiled condition at the youngest site. Plant root 
penetration has been shown to lead to both macropore 
formation and soil fragmentation which cause 
loosening of compacted soils, reducing bulk density 
(Goss 1987; Loch & Orange 1997; Angers & Caron 
1998). Therefore, the severity of compaction in soil 
having undergone stockpiling moderates over time as 
vegetation develops. 


Importantly, even the highest bulk density values 
obtained in the youngest stockpiled site were below 
the 1.6 g/cm? recommended for good plant growth in 
sandy soils (Miller & Donahue 1990). Consequently, 
soil compaction should not hinder plant growth in any 
of the restored sites. 


Significant differences in soil pH between topsoil 
treatments at the 2 and 7 year old sites suggested that 
direct return and double-stripping procedures may 
affect soil pH in opposing directions when compared 
to stockpiling. However, the absence of a difference in 
pH between treatments at either the 10 or 11 year old 
sites disputed these trends. Soil pH is often a concern 
at sites where acidifying by-products of mining are 
incorporated into soils used in rehabilitation (Bradshaw 
& Chadwick 1980). Conversely, sand mining does not 
result in these issues and the differences in pH have 
more likely been influenced by local conditions at 
individual sampling points. Factors such as vegetation 
and microbial activity can have localized effects on 
soil acidity (Haynes 1983; Schlesinger 1997; Van 
Breemen & Finzi 1998). Even if topsoil technique did 
differentially influence soil pH, all values obtained 
across the sites occurred within the range typical 
for unmined soils of the area (unpublished data). 
As a result, growth of native plants adapted to these 
particular pH levels should be unaffected by soil pH at 
rehabilitated sites, regardless of the topsoil used. 


The finding that EC did not differ between any of the 
paired sites indicates that topsoil technique does not 


differentially affect resultant salinity of a rehabilitated 
site. Furthermore, all EC values obtained were within 
values characteristic of nearby unmined areas and are 
well below the 2-4 dS/m above which plant growth 
can be affected (Miller & Donahue 1990). 


Nitrate and ammonium results suggest no difference 
in these nutrients between topsoil strategies. However, 
as these two ions represent the main plant available 
pool of nitrogen, it is likely that they are rapidly 
consumed by plants and soil microbes once generated 
(Schlesinger 1997). Therefore, for a single sampling 
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FIG. 1. Relationship between understory species richness and 
time since rehabilitation. (a) Mean understory species richness 
of stockpiled sites over time, with standard errors shown. The 
regression found a strong linear relationship between species 
richness and age (R’ = 0.97, p = 0.01). (b) Mean understory 
species richness over time for both direct return and double- 
stripping sites, with standard errors presented. Linear 
regression analyses were not conducted for these two sites as 
there were only two time-points for each treatment. 
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FIG. 2. Multi-dimensional scaling (MDS) based on Bray-Curtis similarity distances following square-root transformation of 


species composition at all sampling sites. 


period, values may not precisely reflect the seasonal 
fluxes of these nutrients being produced for plant 
uptake within the system. 


As microbes are responsible for converting organic 
nitrogen to available nitrate and ammonium 
(Schlesinger 1997), consideration of the soil microbial 
community should provide an indication of the soil’s 
ability to contribute plant available nitrogen. The 
higher microbial biomass C found in each of the 
directly returned and double-stripped sites compared 
with adjacent stockpiled treatments suggest that 
these techniques lead to higher microbial biomass 
in rehabilitation. These findings can be explained 
by the severe reduction in soil organisms brought 
about by anoxic conditions that develop during 
stockpiling (Kundu & Ghose 1997; Malik & Scullion 


1998; Graham & Haynes 2004; Carrick & Kriger 
2007). Conversely, in directly returned and double- 
stripped treatments, direct re-spreading of topsoil 
allows the maintenance of soil biological activity 
(Paschke et al. 2003). Even after ten and eleven years 
of rehabilitation, this study suggests that microbial 
biomass of stockpiled sites still remains lower than 
that of either of the alternative topsoil techniques. 
These findings are consistent with Graham & Haynes 
(2004) study which found that microbial biomass of 
rehabilitated sites younger than ten years old, having 
undergone stockpiling, still differed from that of 
unmined sites. Graham & Haynes (2004) also found 
that microbial biomass levels in rehabilitated soils 
eventually became similar to native forested soils 
after 25 years, further highlighting the importance of 
conducting long-term follow-up studies. 
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FIG. 3. Relationship between Bray-Curtis similarity of stockpiled rehabilitated sites to the unmined sites and time since 
rehabilitation. (a) shows the similarity of each of the rehabilitated site samples to each of the Unmined Site 1 samples (R2 = 
0.38 , p < 0.0001); (b) shows the similarity of each of the rehabilitated site samples to each of the Unmined Site 2 samples (R2 
= 0.23, p= 0.003); (c) shows the similarity of each of the rehabilitated site samples to each of the Unmined Site 3 samples (R2 
= 0.02, p= 0.43 ); and (d) shows the similarity of each of the rehabilitated site samples to each of the Unmined Site 4 samples 


(R2 = 0.25, p= 0.002). 


RESTORATION OF VEGETATION 

The only site at which initial conditions differed 
between topsoil treatments was the 7-year-old 
site where trees were not planted in the double- 
stripped treatment. This initial difference explains 
why this was the only site at which overstory 
canopy cover, basal area and species richness 
differed significantly between treatments. Aside 
from this finding, it appears that topsoil strategy 
generally did not lead to differential restoration of 
the overstory at the other sites assessed. 


In the case of understory restoration, ground cover 
was found to be higher in each of the directly returned 
and double-stripped conditions than their comparable 
stockpiled treatment. Although this difference was 
only found to be significant at the 11-year-old site it 
does suggest an enhanced protection against erosion 
in these treatments compared with stockpiled sites. 


Understory weed species were only present at the 
youngest site and their absence in older sites was 
probably due to their inability to survive over the 
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longer-term in the very low nutrient soils of Stradbroke 
Island (Durbidge & Covacevich 2004). At other mine 
sites topsoil stockpiles have been shown to be a source 
of weeds and at sites with higher nutrient topsoils 
weeds tend to persist (Huxtable et al. 2005). 


The number of native species originating from the soil 
seed bank was generally higher in directly returned 
or double-stripped soils but only significant at the 
youngest site. This indicates that direct return of topsoil 
initially contributes a higher number of viable seeds 
from the seed bank than stockpiling, but these trends 
can be partially explained by the large proportion of 
pioneer species in seed banks (Baker 1989; Carrick & 
Kruger 2007). Thus, pioneer species in a young post- 
mining community would be expected over time to 
be replaced by longer-lived perennials, which are not 
so highly represented in the seed bank (Baker 1989). 
In fact, many of the plants in mature communities on 
Stradbroke include species of Banksia, Eucalyptus and 
Xanthorrhoea that carry their seeds in their crown as 
opposed to the soil (Reilly 1990). It is likely therefore 
that the applied seed mix in rehabilitated sites plays an 
integral role in introducing desirable species. This is 
supported by previous studies which have determined 
that restoration of communities with canopy-stored 
seeds are more reliant on applied seed mixes (Rokich 
& Dixon 2007) or immigrants from nearby refuge 
populations (Bakker et al. 2005) than the seed bank. 


Comparison of community composition showed 
that there were differences in species assemblage 
between topsoil techniques at some rehabilitated 
sites. However, it is clear from the MDS output 
that there are differences of a similar magnitude 
between samples of the unmined sites themselves, 
highlighting the natural variability between vegetation 
communities on the island. Perhaps more important 
is the trend in similarity of rehabilitated sites to 
unmined sites over time (Fig. 3). The increasing 
similarity in community composition of stockpiled 
sites to unmined communities over time demonstrates 
that, even if stockpiled sites show initially reduced 
soil or vegetation outcomes, they improve over 
time. If the purpose of rehabilitation is to achieve a 
community similar to that present prior to mining, 
these trends demonstrate this may well be occurring 
in rehabilitation on North Stradbroke Island. 


Some site-specific factors must be considered prior to 
generalization of this study’s findings to other sites. 
Firstly, Stradbroke Island receives reliable rainfall. As 
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an important property of topsoil is linked to its positive 
water holding characteristics (Brown & Grant 2000; 
Carrick & Krtiger 2007), results may differ on mine 
sites where rainfall is more limiting. Additionally, 
topsoil strategy may be more influential at sites where 
seed bank species constitute a greater contribution to the 
final community composition. Not all desirable species 
present in a mature community can be reintroduced 
manually by seeding. Therefore, the contribution of the 
seed bank may be an important source of propagules 
for such species, potentially increasing the importance 
of topsoil strategy for their restoration. 


CONCLUSIONS 

It is evident that double-stripping and direct return of 
topsoil can contribute to improved microbial biomass, 
bulk density, ground cover, vegetation species richness 
and recruitment from the soil seed bank in resultant 
rehabilitation when compared with stockpiling at 
North Stradbroke Island. These trends are greatest 
in the youngest rehabilitation. Although the general 
decline in species richness in all topsoil treatments at 
older sites appears problematic there is other evidence 
to suggest that rehabilitated sites are becoming more 
similar to unmined sites over time. These findings 
have some important implications for management 
of mine site rehabilitation. With specific reference 
to the mines on North Stradbroke Island, this study 
suggests that application of an adequate soil seed mix 
may have greater importance than topsoil technique 
in determining rehabilitation success. Nevertheless, if 
circumstances allow, direct return or double-stripping 
should preferentially be used due to their consistently 
improved soil and vegetation characteristics. 


More importantly, this study highlights the importance 
of long-term follow-up studies when evaluating 
efficacy ofrestoration techniques. To ensure continuous 
improvement of restoration success following mining, 
management recommendations should be based on 
research conducted over appropriate time-scales, 
which are evidently yet to be determined. 
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NORTH STRADBROKE ISLAND SAND MINE 


VAN SOEST, J., LOCKHART, C., SMITH, J. FULLER, S. 


Sibelco Australia Limited (SAL), a mineral sand mining operation on North Stradbroke Island, un- 
dertakes progressive rehabilitation of mined areas. Initial investigations have found that some areas 
at SAL’s Yarraman Mine have failed to redevelop towards approved criteria. This study, under- 
taken in 2010, examined ground cover rehabilitation of different aged plots at the Yarraman Mine 
to determine if there was a relationship between key soil and vegetation attributes. Vegetation and 
soil data were collected from five plots rehabilitated in 2003, 2006, 2008, 2009 and 2010, and one 
unmined plot. Cluster (PATN) analysis revealed that vegetation species composition, species rich- 
ness and ground cover differed between plots. Principal component analysis (PCA) extracted ten soil 
attributes that were then correlated with vegetation data. The attributes extracted by PCA, in order 
of most common variance, were: water content, pH, terrolas depth, elevation, slope angle, leaf litter 
depth, total organic carbon, and counts of macrofauna, fungi and bacteria. All extracted attributes 
differed between plots, and all except bacteria correlated with at least one vegetation attribute. Water 
content and pH correlated most strongly with vegetation cover suggesting an increase in soil mois- 
ture and a reduction in pH are required in order to improve vegetation rehabilitation at Yarraman 
Mine. Further study is recommended to confirm these results using controlled experiments and to 
test potential solutions, such as organic amendments. 
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INTRODUCTION 
Sibelco Australia Limited (SAL), a heavy mineral sand 
mining company on North Stradbroke Island, aims to 
progressively rehabilitate mined areas to a standard 
that meets or exceeds the approved revegetation 
acceptance criteria outlined in Schedule H of SAL’s 
Environmental Authority MIN — 10097150922 
(Department of Environment and _ Resource 
Management, 2010). The approved criteria allow SAL 
to assess in detail the success of the rehabilitation 
developing towards a self sustaining native ecosystem 
by measuring vegetation attributes, including native 
species richness and density, height and cover. The 
approved criteria are based on assessments undertaken 
at representative unmined vegetation communities on 
North Stradbroke Island. On completion of mining 
and the placement of tailings, the area is sequentially 
re-profiled, topsoiled, fertilised, and direct seeded with 
native species collected from the island as identified in 
the pre-mine flora studies. In addition, a cover crop of 
hybrid foliage sorghum is direct seeded, assisting with 
erosion control as well as adding organic matter and 
increasing water infiltration. Following the successful 
establishment of the direct seeding (approximately 


18 months), SAL undertake an intensive program of 
native tube stock planting of species known to be less 
successful from direct seeding or unable to be direct 
seeded. 


SAL has identified the need for further remediation 
of some areas of Yarraman Mine in order for 
rehabilitation to progress towards mine relinquishment. 
In particular, poor vegetation development has been 
identified in some areas. Since the same rehabilitation 
process is used, and all areas of the mine have similar 
soil landscapes (minimal podzols; Thompson and 
Ward, 1975), the causative factor(s) are most likely 
localised and could be soil related. Soil ecology does 
not currently play a major role in SAL’s rehabilitation 
process despite growing evidence that a range of 
physical, chemical and biological soil attributes 
directly influence or relate to vegetation development 
and sand dune succession (Berendse et al., 1998; 
Enright and Lamont, 1992; Greenslade and Majer, 
1993; Kooijman et al., 1998). 


PHYSICAL AND CHEMICAL SOIL ATTRIBUTES 
A range of physical and chemical attributes can 
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influence vegetation development. Inadequate 
quantities of soil water can decrease vegetation 
germination and establishment in mining rehabilitation 
and sand dune ecosystems (Enright and Lamont, 
1992). pH has been found to directly correlate with 
plant productivity (Crocker and Major, 1955), with a 
negative relationship reported in sand dune ecosystems 
overtime (Berendse etal., 1998: Kooijmanetal., 1998). 
pH has also been found to influence the composition 
of soil biota, including some fungi and mesofauna, 
with sand dune studies finding species composition 
differed between acidic and alkaline soils (Brown, 
1958; Goralcezyk, 1998; Kooijman et al., 1998). 


Clear relationships have been identified between total 
organic carbon, which can be used as a measure of soil 
organic matter (SOM; Schoenholtz et al., 2000) and 
vegetation growth in mining rehabilitation (van Aarde, 
1998). In sand dune succession, SOM appears to be a key 
factor influencing vegetation change; it has been found 
to directly regulate nitrogen availability for plant uptake, 
which in turn determines plant productivity (Berendse, 
1998; Kooijman et al., 1998). High levels of SOM can 
improve nitrogen cycling, water holding capacity, soil 
fauna recolonisation and reduce pH (Berendse, 1998; 
Berendse et al., 1998; Frouz et al., 2007). 


BIOLOGICAL SOIL ATTRIBUTES 

Soil organisms can influence other soil attributes 
through the decomposition of organic matter, nutrient 
cycling, bioturbation and suppression of soil borne 
diseases and pests, each of which indirectly affects 
vegetation development (Brussaard et al., 1997). 
Microflora play a key role in enhancing nutrient 
cycling and providing a food source for the larger 
soil fauna (Haselwandter, 1997). Mesofauna appear 
to directly influence vegetation development; in 
mining rehabilitation, the number of Collembolans 
(springtails) has been found to correlate with tree 
canopy cover and plant species richness (Greenslade 
and Majer, 1993). Mesofauna, particularly protozoa 
and nematodes, are essential for nutrient cycling as 
they break down organic matter for microbes to convert 
into inorganic material (Brussaard et al., 1997). 


Macrofauna impact vegetation development both 
directly and indirectly by cycling nutrients, improving 
soil structure, and facilitating seed dispersal (Majer, 
1997). Macrofauna, particularly earthworms, also 
play an essential role in bioturbation, in which their 
burrows create channels, pore space and microhabitats 
for small soil biota (Brussaard et al., 1997; Snyder and 
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Hendrix, 2008). Macrofauna groups that spend only 
part of their life cycle in the soil, including the larval 
stages of some species of Diptera, have been reported 
to facilitate decomposition of organic matter and 
nutrient cycling (Frouz, 1999). 


PROJECT AIMS 

Even though key physical, chemical and biological 
attributes have been reported to influence vegetation 
development and succession, few sand mining 
rehabilitation studies have examined multiple soil 
attributes, and then related them to vegetation 
development. Building on existing research, the goal of 
this project was to identify which soil attributes, if any, 
have influenced vegetation development on Yarraman 
Mine. Specifically, the aims were to determine if there 
was a difference in ground cover (as a measure of 
vegetation development) between different aged mine 
plots; and to determine if there was a relationship 
between key soil and vegetation attributes across the 
different aged plots. A chronosequence approach was 
used in this study due to time constraints, and because 
major sources of variation overtime could be excluded; 
all plots studied were on a similar soil landscape 
(Thompson and Ward, 1975) and underwent the same 
rehabilitation process. 


MATERIALS AND METHODS 

STUDY AREA AND EXPERIMENTAL DESIGN 

This study was undertaken at SAL’s Yarraman Mine 
on North Stradbroke Island, 40km east of Brisbane, 
Australia (27°27’S, 153°29°E). The field study used 
a chronosequence approach with five different aged 
rehabilitated plots including RO (2010, 6 week old), R1 
(2009, 1 year old), R2 (2008, 2 years old), R4 (2006, 4 
years old) and R7 (2003, 7 years old) as well as U1 an 
unmined plot with remnant vegetation (PLATE 1). 


Within each plot, five random subplots (10m x 10m) were 
surveyed and sampled. Ground cover data was collected 
from ten randomly located 1m? quadrats and three soil 
subsamples were collected at random. Within each 
quadrat, a list of ground cover species were identified, 
to species level where possible, and percentage of 
ground cover types were determined (seedlings/shrubs, 
grasses, tree base width, woody debris, leaf litter, terrolas 
(bitumen emulsion) and bare ground). Landform data, 
including slope and elevation, was recorded for each 
subplot. A soil profile approximately 20cm deep was 
extracted and analysed. At a depth of 10cm, pH was 
determined with a field kit and three subsamples were 
collected and refrigerated for analysis. 
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Plot RO (6 weeks) Plot R1 (1 year) 





Plot R7 (7 years) Plot UI (unmined) 


PLATE 1. Ground cover of the different aged rehabilitated plots and unmined plot at Yarraman Mine. 
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TABLE 1. List of Monte-Carlo attributes in an ordination (MCAO) for vegetation species that accounted for <1% of the 


dissimilarity between dendrogram groups’. 


A Ul 1-5 Xanthorrhoea sp. 
Monotoca sp. (Fraser Island P. Baxter 777) 
Austromyrtus dulcis 
Entolasia stricta 
Banksia serrata 
Coleocarya gracilis 
Caustis blakei subsp. blakei 
Leucopogon ericoides 
Woollsia pungens 
Leucopogon margarodes 
Boronia rosmarinifolia 
Unknown 1 


*Species in bold were unique to one group 


LABORATORY ANALYSIS 

MACROFAUNA EXTRACTIONS — Mesofauna and 
macrofauna (referred to as macrofauna) were extracted 
from the soil using twelve modified Berlese-Tullgren 
funnels for 5 days using a 60W light bulb and 80% 
ethanol solution. Each funnel was modified for sandy 
soils by covering the grill with loose weave curtaining; 
covering the funnel with tulle; and wrapping plastic 
around the base of the funnel and the top of the beaker. 
After 5 days the soil was sieved (2mm) for larger soil 
organisms. Different morpho-species within each 
insect order were identified using a 30x magnification 
stereomicroscope and Lucid online key to insect 
orders (UQ Entomology Staff, 2008). 


MICROFLORA AND MICROFAUNA PLATE 
COUNTS - Microflora and microfauna numbers 
were determined using Clesceri’s et al. (1998) 
spread plate technique using DRBC (Dichloran Rose 
Bengal Chloramphenicol) and R2A (Reasoner and 
Geldreich, 1985) agar media for counts of fungi and 
bacteria respectively, and were reported as colony 
forming units (CFU) per gram. Each soil sample was 
diluted 10" in soil extraction buffer (0.01% Tween 
20, 0.01% tetrasodium pyrophosphate in phosphate 
buffered water, pH 7.2 + 0.2) and a further 10° in 
phosphate buffered water. Plates were incubated at 
22-25°C for 5 d before colony counting. 


Subplot | MCAO Species (<1%) 





~~ 42 42 oe < 42 4 4 4 4 42 & 


WATER CONTENT — Percent gravimetric water content 
(water content) was determined by measuring dry weight 
after 24 hours at 60°C (Voroney et al., 2008). 


TOTAL CARBON, TOTAL NITROGEN, AND 
TOTAL ORGANIC CARBON -— Total carbon (TC), 
total nitrogen (TN), and total organic carbon (TOC) 
were determined using the chloroform fumigation 
extraction method (Voroney et al., 2008) with ethanol 
free chloroform (CHCI,). Soil samples were wetted 
between 50% and 60% of the plot’s average water 
holding capacity (Wilke, 2005) and incubated at 25°C 
for 5 days. After 5 days one of the two subsamples 
was fumigated for 24 hours then evacuated four times 
for 5 minutes. Fumigated subsamples, non-fumigated 
subsamples and blanks were mixed in a 1:2 solution 
of 0.5M potassium sulphate (K,SO,) for 1 hour at 
five RPM before filtration through Whatman 42 
filter paper. The solutions were spiked and analysed 
using a Shimadzu TOC/ TN analyser. Each solution 
was spiked with Sppm potassium hydrogen phthalate 
(KHP). Blanks with deionised water and Sppm KHP 
were also analysed. 


STATISTICAL ANALYSIS 

Vegetation species composition (presence/absence 
for each subplot) was determined by multivariate 
clustering using pattern analysis in PATN (version 3; 
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Subplot_| MCAO Species (<1%) 


Monotoca sp. (Fraser Island P. Baxter 777) V 
Austromyrtus dulcis V 
Banksia serrata . 
Eriachne pallescens V 


5, 7, 8,9 | Xanthorrhoea sp. 
Monotoca sp. (Fraser Island P. Baxter 777) 
Unknown 2 
Poaceae | 
Melinis repens 
Poaceae | 
Melinis repens 
Pseudognaphalium luteoalbum 
Emilia sonchifolia 
Eleusine indica 
Cenchrus caliculatus 


Crotalaria pallida var. obovata 


Sorghum 


Melinis repens 

Pseudognaphalium luteoalbum 

Emilia sonchifolia 

Eleusine indica 
26-30 orghum 
| 


*Species in bold were unique to one group 





rT 

D2 Xanthorrhoea sp. 
Austromyrtus dulcis 
Entolasia stricta 
Unknown 1 
Melinis repens 
Pseudognaphalium luteoalbum 
Emilia sonchifolia 
Eleusine indica 
Cenchrus caliculatus 
Crotalaria pallida var. obovata 
Glycine tomentella 
J 

oi | 

ak 
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Belbin and Griffith Univeristy & CSIRO, 2008). A 
dendrogram and two-way table were produced using 
flexible unweighted pair group arithmetic averaging 
(UPGMA) using a beta of -0.1 (Belbin, 2004). Monte- 
Carlo attributes in an ordination (MCAO) was used to 
create a list of species (by plot) that accounted for <1% 
of variation in the data. SPSS (version 17.0) was used 
for all other data analysis. Differences between plots 
were determined for vegetation and soil attributes 
using one-way ANOVA or Kruskal-Wallis tests. 


Principal component analysis (PCA) was used to 
determine which soil attributes accounted for most 
of the common variance in data using Field’s (2009) 
method of varimax orthogonal rotation. The Anderson- 
Rubin method of extracting factor scores was used 
by retaining eigenvalues greater than one, and 
suppressing coefficient values less than 0.4. Attributes 
extracted from the PCA were correlated against 
vegetation attributes using bivariate Spearman’s rank 
correlations based on subplot averages. 


RESULTS 

VEGETATION AND SOIL ATTRIBUTES 

Subplot species richness was significantly different 
between plots (one-way ANOVA p<0.0001, F=38.506). 
The number of native species was highest in U1, with 
no exotic species found in the subplots. Plot R2 had 
almost the same number of natives as U1, but also 
had the highest number of exotic species (FIG. 1). A 
dendrogram of species composition (presence/ absence) 


Native 
Exotic 
LJUnknown 


Total vegetation species 
richness 








¥ 


O R1 R2 R4 


Plot 


FIG. 1. Total vegetation species richness showing native, 
exotic and unidentified species for each plot. 
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FIG. 2. Dendrogram of vegetation composition (presence/ 
absence) for different aged plots by subplot. Bray Curtis 
dissimilarity of 0.7329 at the dark dotted line. 


by subplot produced six groups with a dissimilarity 
association of 0.7329 (FIG. 2). All subplots from the 
same plot were more similar to each other than to other 
plots except subplot 6, which was more similar to U1 
than R7. A two way table (MCAO <1%) showed that 
one species, Eriachne pallescens, was driving the split 
between clusters for plots U1 and R7 (TABLE 1). All 
ground cover types differed significantly between plots 
(all Kruskal-Wallis p<0.0001; FIG. 3). 


Elevation, leaf litter depth, terrolas depth, water 
content, pH, TOC, Ln(x+l) transformed counts 
of fungi, Ln(x+1) transformed counts of bacteria 
and counts of macrofauna all differed significantly 
between plots (TABLE 2). TC was largely composed 
of TOC with less than 3% inorganic carbon. No TN 
was detected in any of the samples. A dendrogram of 
macrofauna morpho-species by subplot showed no 
obvious pattern between plots (data not shown). 


MULTIVARIATE ANALYSIS 
Ten attributes were extracted from the PCA (out of 29), 
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FIG. 3. Average percentage of ground cover types (seedlings/ 
shrubs, grasses, tree base width, leaf litter/soil organic matter 
(SOM), bare ground and terrolas) for each plot. 


these were, in order of most common variance: water 
content (78.3%), pH (70.3%), terrolas depth (65.7%), 
elevation (63.2%), slope angle (61.6%), leaf litter depth 
(57.2%), TOC (55.7%), and counts of macrofauna 
(53.8%), fungi (46.1% ) and bacteria (27.5%). PCA 
produced three principal components (PC) with 
eigenvalues over one. PCI and PC2 explained 20% of 
the variance, and PC3 explained a further 18% of the 
variance in the data (KMO=0.605:; Bartlett’s Test for 
Sphericity p<0.0001, chi-square=160.980). 


PC2, which related to water content, pH and slope 
angle, was highly and positively correlated with 
Species richness, percent cover of seedlings/shrubs 
and percent cover of grasses (TABLE 3). PC2 was 
also positively correlated with percent cover of 
woody debris and negatively correlated with percent 
cover of bare ground. PC3, which related to TOC, leaf 
litter depth, terrolas depth and counts of macrofauna, 
positively correlated with percent cover of leaf litter 
and woody debris and negatively with percent cover 
of terrolas. Lastly, PC1 which related to terrolas depth, 
slope angle, elevation and counts of fungi and bacteria 
correlated positively with percent cover of grasses and 
bare ground. 


Individually, water content was the variable with 
the most common variance and the second highest 
correlation with percent cover of seedlings/shrubs 
(positive correlation; FIG. 4). Water content also 
correlated positively with species richness, and 
negatively with bare ground (TABLE 3). pH, the 


variable with the second most common variance, 
correlated most significantly with percent cover 
of seedlings/shrubs (FIG. 5) and second highest 
with species richness (both negative correlations, 
TABLE 3). pH correlated negatively with percent 
cover of woody debris and positively with percent 
cover of bare ground. 


The third and fifth most common variance, terrolas 
depth and slope angle respectively, both correlated 
negatively with percent cover of seedling/shrubs and 
species richness (TABLE 3). Elevation correlated 
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FIG. 4. Correlation between percent cover of seedling/shrubs 
and water content (R2=0.469, using subplot averages). 
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FIG. 5. Correlation between percent cover of seedling/shrubs 
and pH (R2=0.462, using subplot averages). 
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TABLE 2. Test statistics and plot averages (standard deviation) for key soil attributes’. 


Attribute 


Elevation (m) X?=63.200 | 76.8 (10.1) 


p<0.0001 
Slope angle (°) X7=54.914 
p<0.0001 


Leaf litter depth (cm) | X?=60.005 


p<0.0001 
X7=88.231 


Terrolas depth (cm) 


p<0.0001 
F=16.198 


Water content (%)* ; 


p<0.0001 
X?=37.810 


p<0.0001 


TOC (ugg soil) X?°=27.674 


p<0.0001 
Counts of fungi CFU* 


Counts of bacteria F=6.499 


CFU* 
p<0.0001 


Counts of macrofauna | F=5.151 4.7 (4.1) 


p<0.0001 


12.5 (1.3) 12.8(1.5) | 16.8(4.5) | 15.1(2.9) | 18.8(7.0) | 17.9 (6.4) 
F=6,375 504.90 841.20 1425.15 2409.17 1540.08 1038.84 

692.1 872.7 914.5 1493.7 1759.8 784.5 
n<o.ooo1 | (2) | 872.7) 14s) | (1493.7) | 1759.8) | (784.5) 


88.40 (5.0) 


100.0 
(13.6) 


119.8 (5.0) | 95.6 (12.2) | 71.6 (8.5) 


14.2 5.6(1.7) |3.8(1.7) |46(5.6) | 16.2(3.2) | 5.8(4.4) 
(2.6) 


7.74 (2.2) 


2257.2 3339.7 3099.3 2829.0 2900.4 802.6 
(1660.2) | (2132.8) | (2127.2) ~—| (1674.5) | (2300.2) ‘| (379.0) 


6.9 (4.7) 


82(69) |82(34) | 13.3(5.5) | 11.4(48) 





*key soil attributes were extracted from principal component analysis 


*data was transformed using Ln(x+1) 


positively with bare ground only. Leaf litter depth 
correlated positively with percent cover of leaf litter 
and negatively with terrolas depth. TOC, counts of 
macrofauna and counts of fungi correlated highly 
and positively with percent cover of leaf litter and 
negatively with percent cover of terrolas (TABLE 3). 


DISCUSSION 
In an attempt to determine which attributes may be 
contributing to the poor rehabilitation in some areas 
of Yarraman Mine, this study investigated whether 
vegetation development (particularly ground cover) 
differed between plots and whether any soil attributes 
were correlated with vegetation attributes. 


VEGETATION ATTRIBUTES 
Results of PATN analysis indicated that vegetation 
Species composition differed between plots with all 


subplots clustering by plot except subplot 6. All except 
one MCAO (<1%) species found in subplot 6 were 
also found in U1 which would explain why subplot 
6 was more similar to the subplots in U1 rather than 
R7 (TABLE 1). These results may reflect the fact that 
subplot 6 was the only subplot in R7 that was several 
metres away from severe gully erosion. Soil erosion 
has been reported to inhibit the establishment of native 
species (Espigares et al., 2011). Consequently, further 
study of erosion effects on vegetation development at 
Yarraman Mine is recommended. 


Counts of native and exotic species and ground cover 
types were not linearly distributed (FIG. 1 and FIG. 
3). This presented a major challenge for analysis since 
suspected poor vegetation development in plots R4 and 
R7 was difficult to distinguish from succession. Previous 
studies have identified non-linear patterns for vegetation 
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TABLE 3. Significant correlation coefficients between vegetation attributes and key soil attributes and principal components 


Leaf Bare Terrolas 
litter ground 
-.475 
-.768 


(based on subplot averages)’. 


Correlation coefficients 


Attribute Average 
subplot 
species 


richness 


Grasses 


Water content 

pH 

Terrolas depth 
Elevation 

Slope 

Leaf litter depth 

TOC 

Counts of macro fauna 
Counts of fungi 


Counts of bacteria 


Percent cover of average subplot 





* Key soil attributes determined by principal component analysis (PCA) 


PC= principal component 
TOC= total organic carbon 
Correlations are significant at < 0.05 (2 tailed) 


and soil attributes occurring as a result of successional 
changes in species composition. These studies have 
identified an increase in species until around 4 to 7 years 
post disturbance when the number of species decreases 
temporarily before slowly increasing again as one 
successional community replaces another (Fox and Fox, 
1984; Frouz et al., 2001). As a result, in this study it has 
been difficult to differentiate between natural changes 
in vegetation composition due to the replacement of 
early successional vegetation communities with later 
communities overtime or unsuccessful rehabilitation 
resulting in poor cover of natives and high cover of 
exotic species. Similar patterns of species diversity, 
seedlings/shrubs cover and/or leaf litter cover have been 
found in comparable sand dune studies, including one 
on North Stradbroke Island, indicating that succession 
may explain the results of these attributes (Bisevac and 
Majer, 1999; Fox et al., 1996; Majer, 1985). 


However, natural succession does not explain the observed 
pattern of native species across the chronosequence and the 
number of exotic species in R4 (FIG. 1). Additional native 
seedlings were hand planted in the plots, except R2 (due 
to poor establishment of seedlings), at approximately 18 
months. This should have led to an increase in the number 
of native species from R2 onwards, since late successional 
species can establish on early successional soils in sand 
dune ecosystems (Lichter, 2000). Furthermore, the later 
successional natives planted should have been more suited 
to the nutrient poor environment of sand dunes, making 
them more competitive than early successional species 
(the exotics) which usually require more resources to 
flourish (Rees et al., 2001). 


Contrary to previous studies on sand dunes, percent 
cover of bare ground increased with plot age (FIG. 
3) (Bisevac and Majer, 1999; Majer, 1985). It was 
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assumed that bare ground would increase initially as 
the terrolas declined, and then decrease as leaf litter 
and vegetation cover improved, however this was 
not the case. These results suggest other factors, such 
as the soil, may influence vegetation development at 
Yarraman mine. 


PC2: RELATIONSHIP BETWEEN WATER 
CONTENT, PH AND VEGETATION 
DEVELOPMENT 

Of the principal components, PC2 correlated 
strongly with attributes that are indicators of 
vegetation development (percent cover of seedlings/ 
shrubs and species richness) (TABLE 3). The main 
attributes relating to PC2, pH and water content not 
only explained the most common variance, but both 
also correlated highly with vegetation development 
attributes; providing strong evidence that pH and 
water content may be central to the problem of poor 
rehabilitation. Positive relationships between soil 
moisture and vegetation development have been 
found in other sand dune studies, with soil moisture 
appearing to be one of the most influential attributes, 
especially during the early stages of succession 
(Lichter, 1998; Olff et al, 1993). A previous 
experimental study on a rehabilitated sand mine 
found that low soil moisture limited the survival 
and growth of Banksia species due to evaporation 
in the topsoil (Enright and Lamont, 1992). A related 
problem on sand dunes is high infiltration rates 
which can reduce the amount of plant-available water 
(Kellman and Roulet, 1990). Since North Stradbroke 
Island receives ‘regular’ and relatively high rainfall 
(average annual rainfall 1471mm, average number of 
rain days per year 119; Bureau of Meteorolgy, 2010), 
infiltration could play a key role on Yarraman Mine, 
with low soil moisture at least partially the result of 
low water holding capacity. 


Vegetation development was negatively correlated 
with pH (TABLE 3. and FIG. 5); this result is similar 
to another sand dune study with acidic soils (Kooijman 
et al., 1998) but contrasts with other sand dune studies 
where pH decreased overtime (Berendse, 1998; 
Berendse et al., 1998; Olff et al., 1993). The initial 
decline in pH between RO and R1 (TABLE 2) may be 
the result of the terrolas and fertilisers which, as forms 
of organic matter, have been found to decrease pH 
(Berendse et al., 1998: Jones et al., 2010). Conversely, 
the observed increase from R1 to R7 which was 
significantly different is difficult to explain as organic 
matter increased during the seven-year period which 
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would be expected to lead to decreased pH (Berendse 
et al., 1998). 


Plot U1 (the unmined plot) had low pH, high organic 
matter and high water content, as found in another 
sand dune study (TABLE 2) (Berendse et al., 1998). 
Rehabilitated plots had comparatively higher pH, less 
organic matter and less water content compared to the 
unmined plot (TABLE 2), indicating that the high pH 
may be related to the amount of soil moisture. These 
results suggest that the amount of SOM is central 
to SAL’s rehabilitation problem even though direct 
relationships were not found between TOC and pH 
or water content, and only weak relationships existed 
between pH or water content and leaf litter depth 
(TABLE 3). Direct links were not found between these 
attributes; this may be because the rate of increase in 
SOM was too slow (due to a low mineralisation rate), 
or because the chronosequence was too short to show 
long-term relationships. 


PC3: RELATIONSHIP BETWEEN LEAF LITTER, 
TOC, AND MACROFAUNA (PLUS NITROGEN) 
None of the soil attributes from PC3 (leaf litter depth, 
TOC and counts of macrofauna) correlated directly 
with vegetation development; however they did 
correlate with percent cover of woody debris, leaf 
litter and terrolas (TABLE 3). A close relationship 
between the amount of leaf litter, SOM and soil 
fauna was expected since leaf litter is essential to the 
entire soil biota food web (Frouz et al., 2007). SOM 
increased with plot age, as reported in other studies 
(Berendse, 1998; van Aarde, 1998). SOM can regulate 
nutrient mineralisation, particularly nitrogen, in sand 
dune ecosystems which then determines the amount 
available for plant uptake (Berendse, 1990; Kooijman 
et al., 1998). Since nitrogen has been found to be the 
most limiting nutrient for plant productivity in sand 
dune ecosystems (OIff et al., 1993), it was suspected 
this would be a key factor in this study, however this 
could not be tested as TN was not detected in any of 
the samples. 


A direct correlation between soil macrofauna (and 
mesofauna) and vegetation development was not 
found in this study (TABLE 3), however relationships 
have been found in other research (De Deyn et al., 
2004; Frouz et al., 2007; Greenslade and Majer, 
1993). The macrofauna numbers in this study appear 
to be influenced by the amount of TOC and leaf litter. 
Positive relationships between mesofauna and SOM 
have been found previously in mining rehabilitation 
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studies with soil moisture, pH and SOM influencing 
mesofauna (nematodes) in sand dune ecosystems 
(Andrés and Mateos, 2006; Goralczyk, 1998). 


PC1: RELATIONSHIP BETWEEN ELEVATION, 
TERROLAS, SLOPE, FUNGI AND BACTERIA 
The relationships between the attributes in PC1, 
including elevation, terrolas depth, slope angle and 
counts of bacteria and fungi CFU, were less obvious 
than the attributes in PC2 and PC3 (TABLE 3). All 
were weakly correlated with each other, but only 
slope and terrolas depth correlated with vegetation 
development. The negative relationship between 
terrolas and vegetation development can be, at least 
partially explained by terrolas’ purpose of providing a 
temporary ground cover which prevents erosion while 
the vegetation establishes. 


Slope angle had a negative relationship with vegetation 
development with plots RO and R7 both displaying low 
Species richness and steeper slopes than other plots 
(TABLE 2 and TABLE 3). In mining rehabilitation, 
steep slopes can have reduced soil moisture and are 
highly susceptible to erosion (Jim, 2001). Severe 
erosion is an obvious explanation of why the vegetation 
in R7 did not develop as expected; it was difficult to 
assess the impact of slope on vegetation in RO because 
of the plot’s age. Of the soil attributes in PC1, elevation 
accounted for the most variability in the data; however 
it did not relate to vegetation development, and only 
correlated with precent cover of bare ground (TABLE 
3). The pattern of elevation was similar to the pattern 
for counts of fungi CFU across the chronosequence. 
This appears to be the result of other factors related to 
elevation influencing microorganisms; such as lower 
soil moisture and nutrients (Lewis et al., 2010). 


Neither bacteria nor fungi correlated directly with 
vegetation development (TABLE 3), a relationship that 
has been difficult to establish in other studies (Harris, 
2009). Such results for bacteria were unexpected as 
the number of colonies did not increase with plot age. 
Low numbers of bacteria in Ul may be the result of 
U1 having a much lower pH than the rehabilitated 
plots as suggested in other studies (Frouz et al., 2006; 
Mabuhay et al., 2004). The pattern for fungi also 
contrasts with previous research (Frouz et al., 2001). 
The initial increase in observed numbers was probably 
the result of changing soil conditions with time since 
disturbance (Frouz et al., 2001). As found for bacteria, 
the decrease in culturable fungi at R7 could be the 
result of low soil moisture with low numbers in U1 


related to the acidic soil (average pH 4.23). These 
results, and the results from PC3, provide further 
evidence that pH and water content are key attributes 
that are not only influencing vegetation development, 
but also other soil attributes at Yarraman Mine. 


CONCLUSIONS 

Based on the findings of this study, it is likely 
additional remediation of problematic areas of 
rehabilitation at Yarraman Mine will be required 
to develop a self-sustaining ecosystem that meets 
approved rehabilitation criteria determined by 
the site’s environmental licence conditions. The 
results of the study suggest that soil moisture, and/ 
or water holding capacity, needs to be increased 
and pH decreased in the rehabilitated plots, 
particularly R4 and R7, if vegetation ground 
cover 1s to be improved at Yarraman Mine. The 
interrelationships identified in this study suggest 
improving SOM would also lead to improved 
vegetation development, since it can potentially 
decrease both pH and increase soil moisture. 


It is recommended that the results of this exploratory 
study be tested in a controlled microcosm or pot trial 
experiments. We propose that SAL subsequently 
investigate short- and long-term solutions to the 
problems of low soil moisture, high pH and low 
SOM, such as the addition of organic amendments 
to determine the effects of these attributes on the 
establishment of native vegetation. A range of organic 
amendments (green waste, biosolids and biochar) have 
been found to increase soil water holding capacity, 
decrease pH, improve organic matter and improve 
vegetation development (Jones et al., 2010); the utility 
of such amendments warrant careful scrutiny in the 
context of ongoing vegetation rehabilitation efforts on 
North Stradbroke Island sand mines. 
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RELATED WATER TABLE FLUCTUATIONS 


FREEMAN, A., SCHUMACHER, J., GILLESPIE, M., GRAVINA, A., DOLEY, D. 


& SMITH, P. 


Phaius australis F. Muell. (swamp orchid) is a large, endangered terrestrial orchid typically associated 
with coastal swamps in north-eastern Australia, including North Stradbroke Island. Populations of P. 
australis were studied at three locations along the toe of a steep sand escarpment adjoining Eighteen 
Mile Swamp, where recent water table elevations had varied, and on a flat peaty substrate at a freshwater 
stream outflow into the swamp. Orchids occurred on a strip usually less than 4 m wide associated with 
water table depths between 0.05 and 0.5 m. Leaves were up to 1.5 m long and flowering stems up to 2m 
tall. Larger plants were more likely to produce an inflorescence but pseudobulbs remaining from previous 
seasons did not appear to act as major reserves for inflorescence production by the current season shoot. 
Orchid plant size was not related to tree canopy cover, ground cover or proximity to the swamp edge. 
Changes in water table elevation associated with sand mining operations were not reflected in detectable 
differences in mature shoot heights or pseudobulb numbers. The frequency of inflorescence production 
was higher in populations with rising or high water tables. Small plants were absent from the sector of 
the escarpment that experienced an increase in water table elevation of about 0.5 m during the study. 
It was concluded that the transitory elevation of ground water levels due to sand mining did not have a 
deleterious or lasting effect on the vigour of orchid plants or the structure of orchid populations. Brows- 
ing, probably by a native herbivore, of up to 90 per cent of inflorescences in the areas of greatest flowering 
frequency may represent a major issue for seed production in this species. 


April Freeman, Julie Schumacher, Melina Gillespie (m.gillespie@cmlr.ug.edu.au), Amanda Gravina, 
David Doley, The University of Queensland, Centre for Mined Land Rehabilitation, St Lucia, Old 
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INTRODUCTION 

Phaius australis F. Muell. (swamp orchid) is the 
largest native terrestrial orchid in Australia, most 
commonly found in coastal Melaleuca quinqenervia 
swamps and depressions, north from Lake Cathie in 
New South Wales (31° 33’ S, 153° 50’ E) to north 
of the Atherton Tableland (16° 55’ S, 145° 36’ E) in 
Queensland (Hodgson & Paine, 1989; Weston, 1993; 
Bishop, 2000). Martin & Mullins (1984) suggested 
that its optimum growth occurred when the roots were 
in water for most of the time. 


A severe decline in wild populations of P. australis 
has occurred due to unrestrained collecting of the 
large and striking inflorescences and to habitat loss, 
primarily from clearing and draining of river flats 
and swamps (Martin & Mullins, 1984; Bishop, 2000; 
NSWGDECC, 1998). It is listed as an endangered 
species internationally (IUCN, 2009) and in Australia 
(AGDSEWPC, 2011) including New South Wales 
(NSWGDECC, 1998) and Queensland (Queensland 
Parliament, 2000). 


North Stradbroke Island, Australia (27° 30’ S, 153° 25’ 
E), is a sand island situated 38 km east of Brisbane, 
approximately 285 km? in area (Durbridge, 1975; 
Clifford & Specht, 1979). The climate of the island 
is “mild and equable” with a mean annual rainfall of 
1650 mm (Laycock, 1975; Clifford & Specht, 1979). 
The highly permeable sands result in little surface 
drainage and rain percolates rapidly to the ground 
water table (Laycock, 1975). A substantial ground 
water mound has built up due to the very high surface 
permeability, creating a hydraulic gradient between 
the elevated centre of the island and the surrounding 
relatively dense sea water (Laycock, 1975; QDNRW, 
2006). Water seeps out of the ground into Moreton 
Bay in the west, a series of small swamps in the north 
and Eighteen Mile Swamp in the east (Clifford & 
Specht, 1979). Populations of P. australis occur at 
the base of a steep (approximately 30° slope) linear 
sand escarpment between truncated dunes up to 
100 m high on the western side of Eighteen Mile 
Swamp, a freshwater body enclosed by low foredunes 
(Durbridge & Covacevich, 2004), and at several 
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freshwater streams on the western side of the island. 
The swamp and streams are characteristic of water 
table windows in a sandy landscape that are refilled 
by seepage from the sand mass rather than by surface 
run-off (Durbridge & Covacevich, 2004). 


Sibelco Australia Limited (SAL) extracts titanium 
mineral sands from an area to the west of Eighteen 
Mile Swamp by means of a floating dredge, 
gravity separator and hydraulic tailings stacker. 
Maintenance of water in a mining pond near 
the Eighteen Mile Swamp escarpment between 
2003 and 2009 and drainage from the tailings 
placement area may have elevated local water 
tables, with consequent effects on groundwater 
flow into Eighteen Mile Swamp. It was possible 
that changes in ground water profiles close to the 
swamp could adversely affect orchid populations, 
especially where water flowed from the toe of 
the escarpment above the general water level of 
the swamp. This investigation was undertaken 
as two independent student research projects, in 
response to concerns regarding swamp orchid 
populations. It aimed to establish the health of 
orchid populations in 2006 and 2009 in relation 
to observed changes in ground water levels at 
different locations along the escarpment and to 
indicate whether vegetation management might 
be required to minimise the impact of mining 
operations on orchid wellbeing. 


MATERIALS AND METHODS 

STUDY SITES 

Orchid populations selected for study were located at 
the toe of the steep dune escarpment on the western 
side of Eighteen Mile Swamp and on a flat peaty 
substrate at the Blue Lake outflow. Since P. australis 
is an endangered species, detailed descriptions 
of the locations of study sites have been lodged 
with the Queensland Department of Environment 
and Resource Management, Brisbane (QDERM 
Deposition 2011). Escarpment sites were located 
(from south to north) behind, opposite and ahead 
of the transitory dredge pond path of 2006. There 
had been no studies of vegetation condition on the 
escarpment sites prior to any disturbance associated 
with sand mining. The Blue Lake outflow site was 
remote from the effects of sand mining operations 
and situated on a different substrate that could be 
considered as an optimal site for P. australis (Martin 
& Mullins 1984) at which hydrological conditions 
were likely to be stable. 
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SITE CHARACTERISTICS 

The toe of the Eighteen Mile Swamp escarpment slope 
varies in width from 2 to 20 m. Soils on the toe are very 
deep medium textured aeolian sands with a shallow 
organic-stained surface layer on the escarpment and 
grading to peaty sand within the swamp. Vegetation on the 
escarpment 1s Corymbia-dominated open forest (Regional 
Ecosystem 12.2.5) with a narrow band of notophyll 
vine forest dominated by Melicope elleryana (Regional 
Ecosystem 12.2.1) near the swamp edge and Melaleuca 
open forest or woodland (Regional Ecosystem 12.2.7) 
within the swamp (QDERM 2011). Phaius australis 
populations were mostly found in the notophyll vine forest 
community. Blue Lake outflow orchid populations were 
situated about 30 m from the toe of the escarpment, on a 
peaty swamp with Baumea spp. and Juncus spp. (Regional 
Ecosystem 12.2.15, QDERM 2011). 


Ecological conditions were estimated via percentages of 
canopy, ground vegetation and litter cover, and ground 
cover height. Canopy cover in 2006 and 2009 was derived 
by taking a vertical photograph of the canopy directly 
above each clump, using a lens with a 35-degree field of 
view and matching it to canopy percentage diagrams of 
Walker & Hopkins (1990). In 2006, vegetative ground 
cover and litter cover percentages were estimated 
visually and ground cover height was measured by tape. 
The lateral distance between each plant and the swamp 
edge was also measured and the wetness of the site in 
2009 was assessed by the following categories: (1) dry; 
(2) damp to moist; (3) wet; and (4) very wet or boggy. 


Monthly total rainfall data were obtained from the 
Wallen Wallen station, maintained by SAL and 
approximately 3.5 km to the north-west of the 
study site. Pre-mining hydrological data were not 
available but water table fluctuations at 11 locations 
along the western edge of Eighteen Mile Swamp 
within the 2006 orchid study area were monitored 
by SAL, commencing in May 2005 using open tube 
piezometers. The area examined during this project 
was located between Piezometers 8 (P8, southern 
extent) and 18 (P18, northern extent). There were no 
piezometers at the Blue Lake outflow. 


Piezometer data were used to estimate the patterns 
of change in water table levels, which allowed 
identification of areas along the escarpment potentially 
affected by increased water discharge from mining 
activities. Analysis of records commenced on 16 June 
2005 to allow for an initial period of equilibration 
after insertion of piezometers P4 to P18. The water 
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table elevation at each piezometer for each measuring 
occasion was calculated with respect to the initial 
measurement, to allow comparison of patterns of 
change in water table elevation between the sites and 
seasons. The change in water table elevation for each 
orchid plant was assumed to be equal to the change at 
the nearest piezometer tube. 


SURVEY PROCEDURES 

Vegetation surveys were conducted in August 
and September 2006 and in March 2009, at times 
dictated by the requirements for university research 
training programs. These restrictions meant that 
it was not possible to conduct surveys prior to the 
commencement of mining or at the same time of 
the year and it was not feasible to permanently mark 
and georeference individual plants. Comparisons 
within the surveys were used to provide a basis for 
the analysis of site conditions and plant attributes. 
For comparisons between the two surveys, it was 
considered that if there were marked seasonal 
variations in shoot characteristics between the end of 
the wet season (2009) and the middle of the dry season 
(2006) it might be reflected in systematic differences 
in the attributes of plants from the relatively stable 
Blue Lake outflow environment. 


The highly scattered occurrences and varying sizes 
of orchid plants necessitated a descriptive ecological 
survey methodology. At each orchid site, details of 
the orchid’s physical characteristics, surrounding 
ecological conditions and the spatial relationships 
between the plant, the water table and the swamp 
were recorded. All activities were completed without 
removal of, or disturbance to, any orchid plants. 
Analyses of variance and t-tests of differences 
between site mean attributes of orchid populations 
were applied where appropriate. 


ORCHID CHARACTERISTICS 

The taxonomy of the Australian species of Phaius 
was uncertain for many years but has been resolved 
recently (Harrison et al., 2005; AGDSEWPC, 2011). 
Herbarium voucher specimens were not collected but 
the plants examined in the present study are considered 
to be P. australis (Stephens & Sharp, 2008). 


Phaius australis is a terrestrial perennial evergreen 
orchid with a sympodial rhizomatous growth form 
that commonly generates clumps or tussocks (Pocock, 
1972; Bishop, 2000). Each rhizome terminates in 
a seasonal leaf-bearing erect shoot (less than 10 cm 


tall) that is thickened at the base to form a small 
ovate pseudobulb. This pseudobulb may persist for 
a few years after the leafy shoot dies (Hodgson & 
Paine, 1989) but eventual decay of the rhizome and 
pseudobulbs leads to fragmentation of the original 
plant. Each erect stem may produce up to eight dark 
green lanceolate, arched, thin, pleated leaves that may 
exceed one metre in length (Martin & Mullins, 1984; 
Weston, 1993; Bishop, 2000). The erect inflorescence 
arises near the base of the pseudobulb and can reach 
two metres tall (Hodgson & Paine, 1989), bearing 
numerous sterile bracts and four to sixteen flowers in 
September and October (Dockrill, 1992) (Figure 1). 


For the purpose of this study a shoot was defined as a 
pseudobulb supporting a functioning leafy stem and 
possibly one or more inflorescences. Old pseudobulbs 
on which the leaves and inflorescences have died were 
not considered to be shoots. A plant was defined as a 
group of shoots and pseudobulbs that were connected by 
an intact branched rhizome. A clump was defined as the 
group of plants at one location that are separated from an 
adjacent clump by a distance of more than three metres. 





FIG. 1. Phaius australis in flower at Eighteen Mile Swamp 
escarpment, North Stradbroke Island, October 2006 (Photo 
courtesy of Craig Lockhart). 
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Physical characteristics examined included total 
number of shoots per plant, number of pseudobulbs 
joined by a common rhizome, height of each shoot 
(distance from ground to tip of tallest leaf), and in 
2006 only, the length and width of the youngest 
fully expanded leaf, number of pseudobulbs 
attached to a shoot and the presence and condition 
of inflorescences. Pseudobulbs were counted for 
each rhizome only if they were hard to the touch 
and displayed no signs of decomposition. Shoot 
height was measured from ground level to the tip 
of the longest leaf when fully extended and the 
youngest leaf was identified as the most central 
leaf on the shoot. The length of the youngest leaf 
was measured from the leaf base to the tip of the 
leaf when extended, and the width was measured 
at the widest point of the leaf. The presence of an 
inflorescence had no bearing on the measurement of 
plant height as the leafy shoot and the inflorescence 
were independent structures. 


RESULTS 

WATER TABLE ELEVATION 

An underlying periodic fluctuation in water table 
elevation may be expected from the pattern of rainfall 
(Figure 2) in which the most consistent feature was 
a short dry period, usually between August and 
October. Three groups of sites were identified along 
the escarpment to the west of Eighteen Mile Swamp 
on the basis of the patterns of change in elevation of 
the water table between June 2005 and June 2009: a 
southern sector from Piezometers P8 to P11 (Figure 
3a), a central sector from P12 to P15 (Figure 3b), 
and a northern sector from P16 to P18 (Figure 3c). In 
2006, Piezometers P8 to P11 were opposite an area 
that was mined in 2004 and 2005, P12 to P15 were 


Monthly total rainfall (mm) 


2005 2006 2007 2008 2009 


FIG. 2. Monthly total rainfall at Wallen Wallen, North 
Stradbroke Island between January 2005 and December 
2009 (SAL data). 
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closest to the mining pond and tailings placement 
area, and P16 to P18 were located to the north of 
the current mining path (SAL unpublished data). In 
2009, mining had progressed to a point approximately 
opposite P18 and tailings placement was continuing 
in the area opposite P16 and P17. 


An initial background condition of a distinct 
decrease in water table elevation between July and 
October 2005 at sites P16 to P18 (Figure 3c) was 
associated with a brief but severe drought from July 
to September (Figure 2), so it can be regarded as 
being initially undisturbed by mining. The other 
sectors showed similar and smaller decreases in 
water table elevation in the July to October 2005 
dry season. The rise in water table at all central 
and northern piezometer sites around 2 December 
2005 was associated with heavy rainfall in late 
November (Figure 2). Aside from this, the expected 
wet season rise in water table elevation occurred 
between October 2005 and March 2006 and resulted 
in similar changes in each sector (Figure 3). 


After mid-2006, there were slight changes in water 
table elevation in the southern sector (P8 to P11) that 
persisted until mid-2009 (Figure 3a). In this post- 
mining sector of the escarpment, there was no evidence 
of water table fluctuation that might be characteristic of 
a site influenced by seasonal variations in rainfall and 
evaporation. It is possible that there was a steady and 
continuing flow of water from higher ground towards 
the swamp between P8 and P11 that overwhelmed the 
normal seasonal effects. 


In the central sector, there were distinct increases in 
water table elevation between P12 and P15 that began 
in early 2006 and continued until about September 
2006 (P12) and March 2007 (P15). These increases 
ranged from about 1.5 m at P12 to 1.0 mat P13 (Figure 
3b) and were followed by slow declines of 0.1 to 0.3 m 
and increasing seasonal oscillation in 2008 and 2009. 


In the northern sector, there was a steady increase in 
water table level of about 0.7 m between September 
2005 and June 2007 at P16 and P17, and a more 
protracted increase of about 0.4 m at P18 (Figure 3c). 
This corresponded to the mine path moving farther 
from the escarpment during 2006 and 2007. There 
were also declines in water table elevation of 0.1 to 
0.2 m between early 2008 and mid-2009, together 
with the reappearance of seasonal oscillation that 
corresponded to periods of heavy rainfall. 
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During the course of this study, the three sectors had 
experienced a relatively stable water table condition, 
a marked increase followed by a slight decline or a 
moderate increase followed by a slight decline. As 
a result, it might be anticipated that the P. australis 
populations may have exhibited differences in 
characteristics that reflected these different patterns of 
water table elevation. 


ORCHID CHARACTERISTICS 

In 2006, 21 clumps of P. australis containing 431 
shoots were found between P8 and P18, and one large 
clump containing 105 shoots was examined at the 
Blue Lake outflow. In 2009, 45 clumps containing 642 
shoots were recorded between P8 and P18 and four 
clumps containing 142 shoots were examined at the 
Blue Lake outflow (Table 1). 


Canopy cover in the study sites ranged from 28 to 57 
per cent in 2006 and from 57 to 72 per cent in 2009. 
There was no significant difference between sectors or 
occasions of measurement except that canopy cover 
in the central sector was significantly lower in 2006 
(Table 1). In contrast, the open swamp at the Blue Lake 
outflow had a mean canopy cover of 20 per cent both in 
2006 and 2009. Ground cover height and density were 
highly variable at all sites and not different between 
sites (data not shown). Distances between orchid 
clumps and the swamp edge as determined by the 
presence of water at the soil surface were significantly 
shorter in the northern sector in 2006 and the southern 
sector in 2009 than in the other two sectors (Table 1). 
These distances were not related to either the number 
of shoots per clump or other plant dimensions. The 
sizes of orchid clumps were similar in 2006 and 2009 
in the central and northern sectors (Table 1). A more 
extensive survey in 2009 revealed more clumps in the 
southern sector and a larger sample was recorded at 
the Blue Lake outflow. Since orchid clumps and plants 
were not labelled, the 2006 and 2009 surveys were 
conducted independently and relied on visual location 
of shoots. Despite careful searching for orchid shoots 
in the central and northern sectors on both occasions, 
there had been a difference of 8 and 12 per cent in 
density, respectively, between 2006 and 2009. 


The sizes of the orchid clumps in the three escarpment 
sectors were compared using their lateral distances 
from the swamp edge because it was not possible to 
excavate to the water table at the orchid sites. Clumps 
were uniformly small (fewer than 10 shoots) in the 
central sector in 2009, variable in size in the southern 


sector, and with two distinct groups having fewer 
than 10 or more than 20 shoots in the northern sector 
(Figure 4). 


For all P. australis plants, the average shoot height 
was 93 cm in 2006 and 85 cm in 2009 (Table 1). Mean 
shoot height in 2009 was similar to the 2006 value 
in the southern sector, significantly less in the central 
sectors (t-tests, P<0.05), less but not significantly so 
in the northern sector and greater at the Blue Lake 
outflow. Except for the Blue Lake outflow, minimum 
shoot heights were lower in 2009 than in 2006. 
The standard errors of shoot heights in escarpment 
populations were less in 2009 than in 2006 but the 
lack of consistent differences in plant height between 
the two surveys indicates that vegetative shoot 
development had reached a similar stage in both the 
2006 and 2009 surveys. 


a Southern 


bn, A 
yy v) fylyy\ /Y) a ae 
LE PLY NYY EYY vs ay, y= Paya yoy 

ee atihad aes | Le PE cs ny 
sitet baa Sr ears 
tN . wee 


io” 


Change in water table elevation 





0.5 





0.0 
16-Jun-05 


16-Jun-06 


16-Jun-07 16-Jun-08 16-Jun-09 


FIG. 3. Time courses for changes in water table elevation at 
plezometer sites in (a) southern, (b) central and (c) northern 
sectors of Eighteen Mile Swamp escarpment between 16 June 
2005 and 16 June 2009. 
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TABLE 1. Plant dimensions of Phaius australis populations in southern, central and northern sectors of Eighteen Mile Swamp 
escarpment and at the Blue Lake outflow, North Stradbroke Island. 


Plant Southern Central Northern Blue Lake 
. . Year Total sample 
dimensions escarpment escarpment escarpment outflow 


(%) 2009 


Distance-to 2006 5.0+0.6c 6.7+0.9¢ h13+05a [0 


swamp edge 
(mn) 2009 2.8+0.8b 6.2+2.5be 55+ 1.0c 
Numbet of 2006 132 160 105 431 


shoots per 
iectal 2009 430 174 142 642 
Maximum 2006 170 135 172 


shoot height ; 
(cm) 2009 200 


Minimum 2006 
shoot height 
(cm) 


Height class 2006 
kurtosis 2009 


Height class | 2006 0.002 0 
ee jose 0.01 


Mean leaf 2006 66 + 25a 100+ l6a 72 + 30a 70 + 20a 72+27a 
length (cm) 


Maximum leaf 006 135 
length (cm) 


2009 


Minimum leaf 


2 
length (cm) ae 


Mean leaf 

2 
width (cm) 2008 
Maximum leaf 

2 
width (cm) ae 
Minimum leaf 


2 
width (cm) BONE 





* Mean + standard error (p=0.05). Values for each attribute followed by the same letter are not significantly different (P=0.05) 
in t-tests. 
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Shoot numbers at each site were too small to conduct 
statistical analyses of height class distributions but 
sample sizes were large enough in each sector to be 
compared graphically (Figure 4) and _ statistically 
by t-tests (Table 1). Shoot height increased slightly 
with increasing site wetness (Figure 5) but there was 
much more variation in height within than between 
wetness categories. Shoots in the southern (Figure 6a) 
and northern (Figure 6c) sectors were similar in 2006 
and 2009 in terms of mean height and kurtosis and 
skewness of the height class distributions (Table 1). In 
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FIG. 4. Relationships between number of Phaius australis 
shoots per clump and lateral distance of the clump from the 
swamp edge in southern, central and northern sectors of the 
Eighteen Mile Swamp in March 2009. 
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FIG. 5. Variation in mean shoot height for clumps of Phaius 
australis within four site wetness categories (I= dry; 2= 
moist; 3= wet; 4= boggy or peaty) in southern, central and 
northern sectors of Eighteen Mile Swamp and at Blue Lake 
outflow in March 2009. 
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FIG.6. Shoot height class distributions for populations 
of Phaius australis in the (a) southern, (b) central 
and (c) northern sectors of the Eighteen Mile Swamp 
escarpment and (d) Blue Lake outflow in September 
2006 and March 2009. 
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the central sector, there was a decrease in mean height 
and in both kurtosis and skewness between 2006 and 
2009 (Figure 6b). The increase in shoot numbers and 
increased numbers in the smaller size classes may 
reflect recruitment of smaller plants. In contrast, the 
Blue Lake outflow population showed clear increases 
in both mean height and kurtosis between 2006 
and 2009 but there was a smaller relative change in 
skewness (Table 2, Figure 6d). The average length 
and width of the youngest fully expanded leaf in 2006 
were about 72 cm and 7.5 cm, respectively (Table 1) 
and the central sector contained shoots with generally 
larger leaves than the other sectors. Leaf dimensions 
were well within the ranges of dimensions for the 
species recorded by Weston (1993). In each plant, the 
vegetative stem was relatively short and leaf length 
increased from the basal to the penultimate or the 
apical leaf. As a result, regression analysis showed 
a significant (p < 0.0001) positive linear relationship 
between shoot height and the length of the youngest, 
fully expanded leaf (data not shown). 


Analysis of pseudobulbs in 2006 considered 
two groups of plants: those sharing pseudobulbs 
between two or more shoots and therefore joined 
by a single branched rhizome, and those not sharing 
pseudobulbs. Approximately half (49.5 per cent) 
of shoots shared pseudobulbs with at least one 
other shoot (Table 2). Between these two groups 
the mean height of shoots sharing pseudobulbs 
was significantly (ANOVA; p < 0.0001) greater 
than those not sharing. While the modal height 
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class was the same for both groups (101 - 120 cm), 
Figure 7 shows that a majority of shoots more than 
Im tall shared pseudobulbs. Solitary shoots were 
associated with an average of 2.1 pseudobulbs, 
while plants with more than one shoot shared an 
average of 3.8 pseudobulbs (Table 2). 


Twenty-nine per cent of all shoots surveyed in 
September 2006 had flowered. Most flowering shoots 
produced a single inflorescence but approximately 
5 per cent had produced two (Table 2). The presence of 
an inflorescence was strongly related to shoot height 
with a significant (ANOVA; p < 0.0001) difference in 
height between flowering and non-flowering shoots, 
and a clear difference between their height class 
frequency distributions (Figure 8). The minimum shoot 
height associated with inflorescence development was 
less than 50 cm but five shoots taller than 150 cm had 
no evidence of inflorescences (Figure 7). There was 
no significant difference between the percentage of 
shoots producing at least one inflorescence and the 
sharing of pseudobulbs between shoots, the number 
of shoots joined by a single rhizome or the number of 
pseudobulbs associated with a rhizome. 


Effective flowering in 2006 was reduced because 
up to 90 per cent of inflorescence stalks had been 
chewed off (Table 2), usually when they were young 
and succulent. Browsing was not observed directly 
but chewing marks and the extent of trampling of 
plants were distinctive and consistent throughout 
the affected populations. 


TABLE 2. Inflorescence and pseudobulb characteristics of Phaius australis plants in the southern, central and northern sectors 
of the Eighteen Mile Swamp escarpment and at the Blue Lake outflow, North Stradbroke Island, in 2006. 


escarpment escarpment escarpment outflow 
[shoots with 2inforeseenees(ay ida?’ SiO Cid Cid 
ee 


Shoots sharing pseudobulbs, with at least | 
inflorescence (%) 


Shoots not sharing pseudobulbs, with at least 1 
inflorescence (%) 
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DISCUSSION 

The dry season of 2005 (July to October) was 
pronounced (Figure 2) and resulted in decreasing water 
table elevations throughout the escarpment piezometer 
locations. The greatest extent of drying occurred in the 
northern sector, ahead of the mine path, but in sectors 
of the escarpment where mining activity was occurring 
or had occurred, the decreases in water table elevation 
were small. This relatively uniform drying effect 
suggests that recent rainfall contributes to ground water 
flow at the toe of the escarpment, a conclusion that is 
supported by the widespread and brief elevation of the 
water table prior to 2 December 2005. 


The wet season change in water table elevation between 
October 2005 and March 2006 was almost uniform 
between piezometer sites P9 to P16 which spanned 
the zone most influenced by mining activities and the 
area within which the orchid was surveyed. During 
the dry season March to September 2006, the southern 
plezometer sites (P4 to P9) showed a continuing drying 
pattern but there was a marked elevation of the ground 
water tables between P10 and P16, centred around P13 
and P14 (Figure 3b). The faster increase in water level 
at P13 and P14 became obvious in March 2006 and 
continued to the end of the study. 


The differences between the patterns of water table 
change at the piezometer sites suggest that there 
was a relatively direct hydraulic connection between 
the mine workings and the toe of the Eighteen Mile 
Swamp escarpment, especially in the sector containing 
plezometer sites P13 and P14. The delayed and 
reduced rise in water table elevation in the northern 
sector between 2006 and 2009 is consistent with the 
sand mining path moving farther from the escarpment 
during this period. 


The physical characteristics of P. australis plants on 
North Stradbroke Island, including shoot height and 
leaf dimensions, are within the range for the species as 
described by Weston (1993). KindImann & Balounova 
(1999a) used plant size as an indicator of plant vigour 
of the terrestrial orchids Dactylorhiza majalis and 
D. fuchsii in the Czech Republic. Shoot heights of P. 
australis in 2006 were similar across the four study 
sites, except for the central escarpment sector where 
the shoots were slightly taller (Table 1). This suggests 
that the health of mature plants was similar at all sites 
and that plants growing in the central and southern 
sectors of the study area were not unduly affected by 
the previous increase in ground water levels. 
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FIG. 7. Shoot height class distributions for Phaius australis 
plants with and without shared pseudobulbs, September 2006. 
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FIG. 8. Shoot height class distributions for flowering and non- 
flowering individuals of Phaius australis, September 2006. 


The presence of small plants in the southern sector in 
2006 (Figure 6a) suggests that orchid regeneration 
may have occurred during the previous year. 
Although the change in size class distribution in 
2009 may reflect recruitment to larger size classes, 
it could also be the consequence of a much larger 
sample size. Shoot height class distributions in 
the central sector (Figure 6b) may reflect a loss of 
tall plants and recruitment of small plants between 
2006 and 2009 or a seasonal pattern of shoot 
development. A similar explanation may apply to 
shoots in the northern sector (Figure 6c) although 
in both 2006 and 2009 the size class distributions 
were much more even than for other sectors. 
More detailed analyses of recruitment are needed 
in order to resolve the uncertainties surrounding 
these orchid population structures and these would 
require identification of individual plants. 
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Orchid growth did not appear to be affected greatly by 
the percentage of canopy and/or ground cover. This is 
consistent with literature reports, which indicate that P. 
australis requires medium to high light (Lavarack & Gray, 
1985) or reasonable shade (Martin & Mullins, 1984) for 
satisfactory growth. These differences may be resolved 
by the present findings that P. australis is adaptable with 
respect to the light environment for growth. 


Although there is a trend of decreasing shoot height 
with increasing distance from the swamp edge (Figure 
4), a wide range of shoot heights associated with any 
surface wetness category (Figure 5) and the conclusion 
by Martin & Mullins (1984) that P. australis grows most 
successfully when its roots have permanent access to 
free water suggest that, depending on the slope of the 
surface, water is readily accessible to plants up to 10 
m from the swamp edge. Many plants growing close 
to the swamp edge appeared to be situated on small 
mounds of soil or organic matter, suggesting that the 
roots may require aeration as well as access to free 
water. Resolution of these uncertainties would require 
excavation of root systems, which was not attempted 
in the present work. 


The probabilities of flowering were strongly related to 
plant size for the terrestrial orchids Ophrys apifera in 
England (Wells & Cox, 1989) and Himantoglossum 
hircinum in Germany (Pfeifer et al., 2006). Positive 
relationships between shoot height and inflorescence 
production in P. australis (Figure 8) suggest that the 
resource availability associated with a shoot height 
of approximately 50 cm is necessary to produce an 
inflorescence. The relationship between leaf length 
and shoot height suggests that the photosynthetic 
capacity of the leafy shoot is critical to vegetative 
growth and also to inflorescence development on that 
shoot. However, attainment of a particular height does 
not necessarily result in flowering, which suggests that 
other influences are involved, as concluded by Wells 
& Cox (1989) for O. apifera. Observations on other 
terrestrial orchids suggest that flowering patterns may 
be highly irregular and unpredictable (Kindlmann, 
1999; KindImann & Balounova, 1999b). 


The percentages of shoots at each study site producing 
at least one inflorescence in 2006 were greatest in 
the central and southern escarpment sectors (Table 
2). A possible explanation for the particularly high 
inflorescence production in the central escarpment 
sector is that the larger plants were more likely to have 
the resources required for flowering. This possibility 
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is consistent with the conclusion that reproduction 
can be a costly process for plants (Kindlmann & 
Balounova, 1999°; Bell, 1980). Flowering frequencies 
also suggest that plants in these areas were in good 
health despite contemporary or recent elevated ground 
water levels. 


The percentage of flower stalks chewed off was 
greatest in the central and southern escarpment sectors 
(Table 2) and represent a potential threat to seed 
production. Although P. australis plants reproduce 
vegetatively, plant establishment from seed maintains 
the genetic diversity of plant populations and may 
permit more extensive dispersal (Soane & Watkinson, 
1979). Inflorescence stalks were commonly chewed 
off at the base or up to 40 cm from the ground and the 
surrounding vegetation was often flattened, suggesting 
a larger herbivore. Bite marks on partially consumed 
stalks were those of a mammal, possibly the swamp 
wallaby (Wallabia bicolor), as this species occurs on 
Stradbroke Island and is known to consume a wide 
variety of plant forms including shrubs, forbs, grasses, 
ferns and fungi (Osawa, 1990). The succulent young 
inflorescence stalks are likely to have been attractive 
to such a browser. 


Overall, shoot height and inflorescence production 
were not related to the number of pseudobulbs on a 
plant or to the sharing of pseudobulbs with another 
shoot. This suggests that pseudobulbs, which are the 
stem bases of previous season shoots, do not provide 
reserves for the current season flowering, although 
they may contribute to the preceding vegetative 
growth. Inflorescence production was also not related 
to the number of shoots joined by the same rhizome, 
which again suggests that the individual erect shoot is 
the source of the reserves used in flowering. 


The lack of dependence of growth and flowering 
on old pseudobulbs or on shoots connected by 
a common rhizome appears to be an unusual 
feature of P. australis, as other orchid studies 
have suggested the movement of assimilates 
between old pseudobulbs and the current shoot. 
For example, Yong & Hew (1995) and Ng & Hew 
(2000) suggested that the carbohydrate reserves in 
old pseudobulbs were remobilised and supported 
inflorescence and new shoot development in the 
epiphytic orchid Oncidiun goldiana. Kubota et al. 
(2005) also recorded the translocation of assimilates 
between pseudobulbs of old shoots and current 
shoots in the Central American terrestrial hybrid 
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orchid Odontioda. However, the importance of old 
pseudobulbs for shoot growth and inflorescence 
production may vary with plant size. Zimmermann 
(1990) reported that pseudobulbs on the epiphytic 
orchid Catasetum viridiflavum were important 
contributors to both vegetative growth and 
flowering in small plants with limited pseudobulb 
numbers but in larger plants, pseudobulb numbers 
were only related to inflorescence production and 
did not appear to influence vegetative growth. 


For shoots sharing pseudobulbs, the number of 
pseudobulbs accounted for 30 per cent of variation 
in the number of shoots per plant for the four sectors 
of the escarpment. In contrast, pseudobulb numbers 
accounted for 88 per cent of variation in the number 
of shoots per plant at the Blue Lake outflow site, due 
in part to the existence of two unusually large plants. 
For populations on the sandy escarpment sites, this 
evidence supports the proposition that old pseudobulbs 
decay after two or three years and do not influence the 
vigour of current shoots. However, at the Blue Lake 
outflow, the large number of shoots that may occur 
in a plant suggests that decay of old pseudobulbs and 
rhizome segments occurs more slowly or the rate of 
branching of rhizomes is greater than at other sites. 


The relatively large clumps at the Blue Lake outflow 
were not associated with significantly taller shoots than 
at the escarpment sites, and the percentage of shoots 
producing inflorescences in 2006 was significantly 
lower than at the southern and central sectors of the 
escarpment. One consequence of the lower frequency 
of flowering in the two northern sites appears to be 
a lower incidence of browsing of flower stalks. The 
Blue Lake outflow is approximately 7.5 km from the 
northern escarpment sector, so it may not be within 
the feeding range of the suspected swamp wallaby but 
it is tempting to conclude that the lower abundance 
of flowers would provide a less attractive target for a 
browsing animal. 


An unexpected result of the study was the observation 
of a significantly greater abundance of inflorescences 
in the two sectors of the escarpment that had been 
exposed to elevated water tables during the 2006 
growing season or in the recent past, when compared 
with the northern escarpment sector where water table 
conditions were shown to be relatively constant and 
even close to the surface. Therefore, the elevation of 
the water table does not appear to have been associated 
with a short-term decline in vigour of mature plants. 


CONCLUSIONS 

Seasonal changes in water table elevation of at least 
0.15 m are likely to occur under natural conditions 
near the toe of the Eighteen Mile Swamp escarpment. 
This fluctuating environment is associated with the 
existence of orchid plants with shoot heights ranging 
from about 10 to 170 cm. Natural conditions are also 
associated with flowering frequencies of up to 20 per 
cent, and losses of inflorescences due to browsing of 
up to 20 per cent. 


A dry season increase in water table elevation of about 
0.4 m in the central sector of the escarpment in 2006 
was associated with the absence of the smaller and 
largest plants from an orchid population, so that shoot 
heights ranged from 90 to 130 cm. About 60 per cent 
of the shoots in this population flowered but 80 per 
cent of inflorescences were lost due to browsing. 


In the southern sector of the escarpment, where there 
had been an earlier rise in ground water elevation, the 
shoot height class distribution resembled that of the 
northern sector which was regarded as not yet affected 
by mining. However, the frequency of flowering in the 
southern sector was much closer to that recorded in the 
wet central sector of the escarpment. Given the greater 
proportion of small plants in the southern than in the 
central populations, the frequency of flowering in 
shoots taller than 0.5 m was greater in the recovering 
southern sector than in the wet central sector. Further, 
the similarities of population structure between the 
southern and northern sectors suggest that the passage 
of the elevated ground water mound has resulted in a 
significant increase in the frequency of flowering as 
compared with the pre-mining condition. On the other 
hand, destruction of 90 per cent of inflorescences in 
the southern sector is likely to reduce seed production 
to quantities less than might be expected in an 
undisturbed site. 


The presence of an elevated ground water table at the 
toe of the Eighteen Mile Swamp escarpment appears 
to be associated with a short term change in the size 
class distributions of populations of P australis. 
However, a rapid increase in ground water elevation 
was associated with more abundant flowering. 
Perhaps the most important conclusion of this study 
is that a reduction in ground water elevation following 
a perturbation was not associated with any significant 
departure from the pre-mining condition with respect 
to size class distribution but there was a significant 
increase in the frequency of flowering. Therefore, the 
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preliminary conclusion is that the mining activity did 
not appear to have an immediate adverse effect on 
the orchid populations at the Eighteen Mile Swamp 
escarpment. Further studies at these sites will be 
necessary to establish whether the responses to 
rising and falling water tables are replicated at other 
locations and at later times. It may be that natural 
browsing of young inflorescences could have a greater 
impact on the structure of orchid populations than do 
either natural or mining-induced changes in ground 
water levels. 
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ON NORTH STRADBROKE ISLAND, QUEENSLAND: COMPARISONS WITH 





REFERENCE EUCALYPT COMMUNITIES 
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Following mineral sand mining on North Stradbroke Island, southeast Queensland, rehabilitation man- 
agers have a statutory obligation to restore vegetation communities to meet completion criteria based 
on representative native ‘reference’ communities. The success of rehabilitation is currently evaluated 
by measures of vegetation composition and structure, with native tree and understorey species richness, 
density and foliage cover required to achieve at least 65 to 75% of reference site values. Rehabilitation 
aged 8, 10, 15 and 20 years was assessed in the Gordon mine lease area and compared with prescribed 
reference communities, representative of four eucalypt dominated communities on the island. Ordina- 
tions of species composition showed that rehabilitated sites were more similar to each other than to the 
reference sites. In contrast to reference sites, 15 and 20-year-old rehabilitation was dominated by A/lo- 
casuarina littoralis and recorded low species richness. Recently rehabilitated areas were more similar 
to reference sites with predominantly eucalypt tree species and comparable species richness. Native 
species density was lower in rehabilitation of all ages (29 to 114 stems/40 m7) compared to reference 
sites (237 to 368 stems/40 m?). Without management intervention, it is unlikely that 15 and 20-year-old 
rehabilitation will progress toward the reference sites and with continued exclusion of fire, younger 
rehabilitation may also become progressively dominated by a simplified stand of A. /ittoralis. The 
value of comparing developing ecosystems to successionally ‘mature’ communities is considered and 
implications for selecting reference values and choosing management interventions are discussed. 
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INTRODUCTION 

In Queensland, the rehabilitation of mined land is 
required under the Environmental Protection Act (1994) 
and administered by The Department of Environment 
and Resource Management (DERM). In consultation 
with DERM, mining companies are required to define, 
implement and then assess their own site-specific 
completion criteria to ensure that the rehabilitated land 
will be safe, stable, non-polluting and provide for an 
agreed sustainable use (DERM, 2011). 


Successful rehabilitation can be defined as land with an 
agreed end land use, where management inputs are no 
greater than those in surrounding areas under similar 
land use (EPA, 2004; Grant, 2006). The reconstruction 
of a native ecosystem is often the aim of post-mining 
rehabilitation, and while there is currently no agreed 
standard for measuring rehabilitation success, a 
common approach is the comparison of rehabilitation 
with reference communities and/or baseline data 
(DERM, 2011). Typically, the assessment of 
rehabilitated sites should demonstrate that the sites are 
on a successional trajectory towards native reference 


communities (Chambers et al., 1994; SER, 2004). 
Comparative measurements aim to assess multiple 
components within a wide spectrum of ecosystem 
attributes from vegetation structure, species diversity 
and ecosystem processes such as nutrient cycling and 
litter production (Ruiz & Aide, 2005a). Reference 
communities should be selected in close proximity to 
rehabilitated sites in order to reduce variability due to 
geographical factors (Herath et al., 2009) and multiple 
reference sites should be sampled in order to account 
for the variation within the natural communities (Ruiz 
& Aide, 2005b). 


Completion criteria can be viewed as short term 
successional indicators that reflect long term 
rehabilitation objectives. The development of 
completion criteria can be a complex process 
and criteria should be measurable and ultimately 
achievable (Hobbs & Norton, 1996; ANZMEC, 
2000). However, reference communities are inherently 
dynamic systems which in the past may have 
endured various levels of anthropogenic and natural 
disturbances (Pickett & Parker, 1994). To address 
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this, it has been suggested that completion criteria 
should reflect a range of values that might be expected 
in reference communities, while also allowing for 
multiple end point states, depending on secondary 
disturbances and climatic events that may change the 
trajectory of a rehabilitated system (Hobbs & Norton, 
1996; Grant, 2006). Completion criteria should be 
reviewed regularly (Nichols, 2004) and assessed 
within an appropriate timeframe, acknowledging the 
consequences of permanently altered landforms, soils 
and hydrology resulting from the major disturbance of 
mining activity (EPA, 2006). 


Sibelco Australia, the operators of the North 
Stradbroke Island (NSI) mineral sand mine were 
the first company in Queensland to negotiate a 
comprehensive set of measurable completion criteria 
in 2007 (Smith & Nichols, 2011). The current 
objective of the rehabilitation following mining is to 
achieve “native bushland to ensure sustainable natural 
ecosystems at the point of progressive certification 
and surrender” (EPA, 2007). With increased scrutiny 
from community and industry stakeholders, Sibelco 
Australia and DERM are faced with the challenge 
of marrying public expectations with rehabilitation 
science to manage the mining legacy. Alcoa’s bauxite 
operation in the southwest of Western Australia is one 
of the few examples in Australia where completion 
criteria and partial lease relinquishment has occurred 
(Koch & Hobbs, 2007). Like Sibelco’s operation on 
NSLI, Alcoa’s operation is close to a main population 
centre (Perth), but is also situated within Perth’s 
drinking water catchment (Croton & Reed, 2007). 
Sibelco’s operation on NSI is approximately 50 km 
from Brisbane and is earmarked for early mine closure 
with future land status likely to be national park with a 
high dependence on tourism. 


Within this context, a number of key considerations 
for post-mine land management remain unresolved. 
For instance, what happens if the completion criteria 
are not met? At what point do managers make the 
decision that the likelihood of rehabilitation success 
is diminishing and that they must intervene? Nichols 
(2004) suggests that failure to meet criteria can be 
viewed as a ‘trigger’ point for further management 
intervention, while Grant (2006) has developed a 
predictive model depicting potential trajectories of 
rehabilitation succession, which includes distinct 
thresholds to activate management intervention at 
various stages of development. Reference communities 
may symbolise a long-term objective of mine site 
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rehabilitation but it remains to be determined what 
timeframe is indicated before rehabilitation approaches 
the structural and ecological functioning of reference 
communities; Is 10, 50 or >100 years appropriate? As 
well as addressing the suitability of the chosenreference 
communities and completion criteria, stakeholders 
need to be prepared for ongoing management while 
undertaking a risk assessment process before and after 
lease relinquishment. Because former mined lands are 
not in equilibrium with their physical environment for 
many years, mine site rehabilitation is not a ‘set and 
forget’ project and this has implications for the mine 
managers as well as the land managers who acquire 
the lease post-relinquishment. 


Using Gordon mine as a case study, this paper 
demonstrates the results of long-term monitoring for a 
selection of rehabilitation on NSI and will assess how 
representative areas of rehabilitation are developing. 
The status of rehabilitated vegetation communities 
are compared with those occurring in representative 
unmined reference sites to determine whether current 
completion criteria have been met. Implications this 
may have for selecting completion criteria and for 
future management are discussed. 


MATERIALS AND METHODS 

STUDY AREA 

North Stradbroke Island, centred on 27°32’S 153°27°E 
and covering an area of approximately 27,500 
ha, is one of the sand dune islands formed off the 
southeast coast of Queensland (Laycock, 1978). The 
island climate is sub-tropical, with annual rainfall 
of approximately 1600 mm and highest rainfall 
occurring in summer and autumn months. The mean 
daily maximum temperature is 27°C in January and 
mean daily minimum is 13°C in July (BOM, 2011). 


The island topography is dominated by high 
transgressive, parabolic sand dunes with general 
southeast northwest orientation (Laycock, 1978). 
Coastal swamps and beach ridge systems characterize 
the shoreline and rocky headlands occur in the 
northern and western parts of the island (Kelley and 
Baker, 1984). Spatially, dunes on the west of the 
island are older and are composed largely of low- 
fertility podzols and humus podzols (Thompson & 
Ward, 1975; Harwood et al., 1999). By comparison, 
the younger dunes to the east generally have poorly 
developed soil profiles (Harwood et al., 1999). 
Vegetation development in high dunes is influenced 
by a number of factors including the age of the dunes, 
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soil development, aspect, rainfall patterns, exposure 
to prevailing winds and fire frequency. Eighteen 
regional ecosystems are currently recognised on NSI, 
and eucalypt forests/woodlands with heath, fern or 
grassy understorey on high dunes represent 51% of the 
island vegetation (Stephens & Sharp, 2009). Typical 
species include Eucalyptus racemosa, E. pilularis, 
E. planchoniana, Corymbia spp., Callitris spp. and 
Acacia spp. (Stephens & Sharp, 2009). 


MINING OPERATION AND REHABILITATION 
PRACTICE 

Sibelco (previously CRL) has been mining heavy 
minerals on NSI since the 1960s, extracting rutile, 
zircon, monazite and ilmenite (Laycock, 1978). The 
Gordon mine is one of numerous mines on the island 
and is no longer operating. It is located in the south of 
the island, approximately 20 km from the township 
of Dunwich (Fig. 1). Wet dredge mining commenced 
at the Gordon area in 1985 and ceased in early 1999, 
while progressive rehabilitation of the high dunes 
at Gordon occurred between 1987 and 2000. Ahead 
of the mining path, unmined vegetation was cleared 
and the topsoil stockpiled for future use. Behind the 
mining path, the landform was reconstructed and 
topsoil respread using a bulldozer. Typically, locally- 
collected seed and fertilizer were applied, the surface 
was stabilised with non-persistent hybrid sorghum, 
bituminous emulsion and brush matting, and in later 
months the site planted with nursery stock of local 
species. During the period of progressive rehabilitation 
at Gordon, rehabilitation practices varied considerably 
as they were modified to adopt improved techniques. 
Modifications have included fertilizer usage and 
application, topsoil management, adapted composition 
and density of seeded and planted species and grass 
tree (Xanthorrhoea spp.) transplanting. Detailed 
rehabilitation practices are described in Smith and 
Nichols (2011). 


GORDON REHABILITATION 

Rehabilitation aged 8, 10, 15 and 20-years-old in the 
Gordon mine lease was compared to nearby unmined 
reference communities (Fig. 1). To establish a temporal 
sequence of rehabilitation development, this study 
compared sites of different ages rather than repeated 
sampling of a single site over time. Areas which were 
rehabilitated between 1987 and 2000 were selected 
for this study and divided into four age groups (G8, 
G10, G15 and G20) according to the age of the 
rehabilitation at the time of sampling. Eight-year-old 
rehabilitation (G8) comprised one site rehabilitated in 
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FIG. 1. Study area. 


1998, and sampled in 2006; 10-year-old rehabilitation 
(G10) comprised three sites rehabilitated in 1998, 
1999 and 2000, and sampled in 2008, 2009 and 
2010 respectively; 15-year-old rehabilitation (G15) 
included two sites rehabilitated in 1994 and 1995, 
and sampled in 2009 and 2010 respectively; and 
20-year-old rehabilitation (G20) included three sites 
rehabilitated in 1987, 1988 and 1990, and sampled in 
2007, 2008 and 2010 respectively. As rehabilitation 
methods were under continual refinement at Gordon 
mine (Smith & Nichols, 2011), different techniques 
may have been applied to sites within an age group, 
and thus, the effects of age cannot be entirely isolated 
from the effects of the rehabilitation methods at the 
time of establishment. 


Permanent long-term monitoring (LTM) plots were 
established in each rehabilitation site using methods 
prescribed by the Sibelco Rehabilitation Monitoring 
System (RMS), at an intensity of approximately 3 LTM 
plots per 20 hectares (EMRC, 2006). The locations of 
LTM plots were based on random stratification of the 
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rehabilitation site, and spaced to facilitate sampling of 
a variety of dune orientations and landscape positions 
on dune crests and slopes. LTM plot gradients 
commonly ranged from 0 to 35%, with steeper areas 
approaching 40 to 50%. Distances between LTM plots 
ranged from 140 to 210 m. The number of LTM plots 
in each rehabilitation age group was 3 plots in G8, 24 
plots in G10, 8 plots in G15 and 18 plots in G20. 


UNMINED REFERENCE COMMUNITIES 

The study areas for the reference communities 
were located within the midsection of NSI on high 
coastal dunes, approximately 2 km to the north of the 
rehabilitated sites at Gordon (Fig. 1). Four unmined 
reference communities were selected by Sibelco and 
Queensland Herbarium as “representative unmined 
plots” (EPA, 2007), in accordance with Sibelco’s 
Environmental Authority, as representative of the 
vegetation impacted by mining across the island. 
The four reference sites were: 1) R1 pil (Eucalyptus 
pilularis woodland/open forest on high parabolic 
dunes; 2) R2rac (Eucalyptus racemosa subsp. 
racemosa shrubby woodland on high dunes); 3) R3int 
(Corymbia intermedia open forest on the escarpment 
beach ridge on the eastern side of the island; and 4) 
R4pla (Mallee Eucalyptus planchoniana \ow shrubby 
open forest on inland dunes). The four vegetation 
communities corresponded with regional ecosystems: 
12.2.8, 12.2.6, 12.2.5 and 12.2.10 respectively, 
mapped by Queensland Herbarium (2009). Three 
permanent LTM plots were established within each of 
the four reference communities. 


VEGETATION SAMPLING 

The vegetation at the reference sites was sampled 
between June and August 2010 and Gordon 
rehabilitation sites were sampled in the years 2006 to 
2010 during the months of May to October. Vegetation 
sampling was conducted according to the method 
prescribed in the RMS (EMRC, 2006). 


Each LTM plot (50 m x 20 m) encompassed a 
central longitudinal cover transect (50 m) and 
five quadrats (each 2 m x 2 m) at each end of the 
plot, totalling ten quadrats. Within the quadrats, 
all native species (trees and understorey) were 
identified and counted, thus native species richness 
and density were calculated per 4 m* quadrat for 
comparison with revegetation criteria. Foliage 
projective cover (FPC) of upper vegetation (>150 
cm), midlayer vegetation (50-150 cm), ground 
vegetation (<50 cm) and soil surface cover was 
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measured by point-intercept at 1m intervals along 
the central cover transect and values converted to 
percentages. The FPC vertical height intervals were 
selected to expedite rapid field assessment using a 
vertical sighting tube and to maintain consistency 
with past data collection. Within the LTM plot, all 
tree species greater than 2 m tall were identified 
and counted resulting in density of trees greater 
than 2 m tall per 1,000 m? plot for assessment of 
revegetation criteria. For a maximum of ten trees 
per nominated species, the height and diameter at 
breast height were recorded. A complete species list 
was compiled for the 50 m x 20 m plot, including 
all species found within the plot but not previously 
recorded in the quadrats. Supplementary records 
included plot slope, aspect, landscape position and 
general vegetation and soil surface observations. 


DATA ANALYSIS 

Data analyses were conducted on native plant species 
only, since exotic species were absent from LTM 
plots in reference sites and rare in rehabilitation. 
Patterns of vegetation community development in 
the rehabilitated and reference sites were examined 
by multivariate analyses using Primer v6 (Clarke & 
Gorley, 2006). Non-metric multidimensional scaling 
(nMDS) produced a two dimensional ordination 
‘map’ of the similarity of the plant assemblages 
in each rehabilitation age group and reference 
communities. Plant assemblages of all native 
species (trees and understorey) were examined using 
the sum of abundance in ten quadrats in each plot 
(totalling 40 m*) and the tree species assemblages 
were examined using native tree abundance data 
recorded each plot (totalling 1,000 m7’). The 
abundance data were square root transformed to 
minimize the effects of species with high abundance 
and resemblance matrices were calculated using the 
Bray-Curtis distance measure. The adequacy of 
nMDS representation was measured by the stress 
value (Clarke and Warwick, 1994). A stress value 
less than 0.05 gives an excellent representation with 
no prospect of misinterpretation, a stress value of 
0.05 to 0.1 corresponds to good ordination with no 
real prospect of a misleading interpretation and a 
stress value of 0.1 to 0.2 returns a potentially useful 
two dimensional picture, although limited reliance 
should be placed on values at the upper end of this 
range. One-tailed Student’s t-tests (p < 0.05) were 
performed in Statistica (StatSoft, 2005) to compare 
mean values in the rehabilitation with the reference 
site revegetation completion criteria values. 
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RESULTS 

REVEGETATION CRITERIA 

The four age groups of rehabilitation (G8, G10, G15 & 
G20) were assessed against a selection of revegetation 
completion criteria values derived from the four 
reference communities (R1 pil, R2rac, R3int & R4pla) 
(Table 1). Sibelco’s Environment Authority requires 
that values measured for certain parameters in post- 
1987 rehabilitation are “not statistically significantly 
less than” a target value derived from reference site 
measurements (EPA, 2007). These targets are defined 
in completion criteria as a percentage of the measured 
reference site values (referred to hereafter as % 
criteria). The % criteria target values vary for each 
vegetation parameter, ranging from 65% to 100% of 
the reference site value (Table 1). 


Native species density (4 to 13 stems/4 m?) recorded in 
all rehabilitation age groups was significantly less than 
the 75% criteria generated from each of the reference 
communities (18 to 26 stems/4 m7) and thus failed to 
meet the completion criteria (Table 1). The lowest 
density was recorded in the oldest rehabilitation (G20) 
and highest density in the 10-year-old rehabilitation. 
This trend was mirrored for native species richness as 
well; however the 75% reference criterion for richness 
was met at younger rehabilitation of G8 and G10. 


The density of trees greater than 2 m tall in the 
rehabilitation was similar to the 75% tree density 
criteria. Upon removal of Allocasuarina littoralis 
from the data set (a species absent in reference sites 
and dominant in the rehabilitation), the tree density 
of rehabilitation groups was reduced to levels which 
continued to achieve the 75% reference criteria except 
at G20 (reduced from 113 to 47 stems/1000 m7), which 
fell below the 75% criterion for the R4pla community. 


Structurally, vegetation at the reference sites 
occurred in relatively high proportions in each of 
the ground-, mid- and upperstorey strata (Table 
1). In terms of vegetation stratification, G10 
rehabilitation was similar to the reference sites and 
met most foliage cover criteria. The upper foliage 
cover at the youngest rehabilitation site (G8) had 
not sufficiently developed to achieve the 75% 
upper canopy criteria of most of the reference sites. 
In the rehabilitation, upper cover increased with 
age and conversely ground cover declined. Older 
rehabilitation of G15 and G20 recorded higher 
upper storey cover of 50 and 59% respectively, 
dominated by A. Jittoralis,; however the sparse 


ground cover of few grasses and small shrubs (21 
and 4% respectively) generally failed to meet the 
75% ground cover criteria. Additionally, midstorey 
cover beneath the A. /ittoralis canopy was very low 
at G20, currently failing to meet the 65% midstorey 
criteria (Table 1). 


Litter cover on the soil surface was greater than 95% 
at reference sites. Although litter cover levels were 
high across the rehabilitation (72 to 83%), only the 
20-year-old rehabilitation met the 100% criteria (Table 
1). The composition of the litter layer at the older 
rehabilitation (G15 and G20) was notably different to 
other areas, composed primarily of a dense mat of A. 
littoralis needles. 


TREE DENSITY, COMPOSITION AND STRUCTURE 
Density of trees greater than 2 m tall was variable 
between the reference sites (467 to 1663 stems/ha) 
and few tree species contributed to the overall density 
compared to tree diversity in the rehabilitation age 
groups (Table 2). Alocasuarina littoralis was the 
dominant tree species in rehabilitation (240 to 659 
stems/ha) and abundance of this species tended to 
increase with rehabilitation age (Table 2, Fig. 2). 
Proportions of A. Jittoralis ranged from 24% of 
the density in the youngest rehabilitation (G8) to 
59% of the density in the oldest site (G20), yet this 
Species was almost absent from the reference sites. 
A. torulosa, however, occurred in both reference and 
rehabilitation. Albeit in low density, Callitris spp. 
(comprising C. columellaris and C. rhomboidea) 
trees were also ubiquitous in rehabilitation and 
absent from reference sites sampled (Fig. 2, Table 2). 
Despite the absence of A. /ittoralis and Callitris spp. 
from the reference sites sampled, these species are 
common in eucalypt woodland communities on the 
island, yet A. /ittoralis-dominated communities are 
not listed amongst the Regional Ecosystems present 
on the high dune systems of NSI (Queensland 
Herbarium, 2009). The density of combined 
Eucalyptus and Corymbia species (300 to 563 stems/ 
ha) in the rehabilitation age groups was higher 
than that in three reference sites Rl pil, R2rac and 
R3int (197 to 287 stems/ha). At R4pla the highest 
Eucalyptus and Corymbia numbers were recorded 
(1244 stems/ha), mainly attributed to dense stands 
of the dominant mallee form, E. planchoniana (990 
stems/ha). Banksia spp. (comprising B. aemula and 
B. serrata) were more abundant in the reference sites 
(170 to 666 stems/ha) compared to rehabilitation (12 
to 124 stems/ha). 
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FIG. 2. Proportional densities of trees greater than 2 m tall by 
genus in reference sites and Gordon rehabilitation age groups 
(calculated from stems/ha). 
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FIG. 3. Native species density of life form classes in reference 
sites and Gordon rehabilitation age groups (stems/40 m7”). 
Mean values. 
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classes in reference sites and Gordon rehabilitation age 
groups (species/1000 m?’). Mean values. 
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Despite the high abundance of A. Jittoralis in 
rehabilitation, Eucalyptus and Corymbia_ species 
reached similar heights to (and in the case of 
E. pilularis, commonly emerging above) the 
Allocasuarina canopy (Table 2). Comparatively few 
Eucalyptus and Corymbia species were present at 
G20, although the scattered E. pilularis (111 stems/ 
ha) was an emergent (8.5 m) above the dense A. 
littoralis canopy which averaged 7.1 m. Similarly, E. 
pilularis height (8.2 m) at G15 exceeded the canopy 
(7.1 m) and the mixed Eucalyptus and Corymbia 
species abundance (579 stems/ha) was similar to that 
of A. littoralis (674 stems/ha). Heights of the other 
Eucalyptus and Corymbia species at G15 averaged 
4.1 to 7.3m and were generally below the A. Jittoralis 
canopy. Within younger rehabilitation, Eucalyptus 
and Corymbia species densities were approximately 
double the A. /ittoralis density (Table 2), and tree 
heights were similar. 


VEGETATION COMPOSITION ACCORDING TO 
LIFE FORM 

Native species density was lower in rehabilitation of 
all ages (29 to 114 stems/40 m’) compared to reference 
sites (237 to 368 stems/40 m7’). This was attributed 
most notably to the large graminoid component (109 
to 240 stems/40 m7’) in the reference sites compared 
to the rehabilitation (7 to 47 stems/40 m’), commonly 
Lomandra spp. and Caustis spp. In rehabilitation, the 
highest native graminoid densities were recorded at 
G10, and lowest native species density recorded at 
G20 (Fig. 3). Density of ferns, particularly Pteridium 
esculentum, was higher in three reference sites and 
vine species density higher in two reference sites than 
the rehabilitation age groups (Fig. 3). Average species 
richness was comparable between reference plots and 
rehabilitation plots, with a similar representation of 
life forms (Fig. 4). Average tree species richness in the 
rehabilitation was proportionally higher than in the 
reference sites, possibly reflecting the rehabilitation 
practice of planting tree species nursery stock. 


FLORISTIC COMPOSITION 

Ordination of native species abundance (trees and 
understorey) illustrated that floristic composition of 
G20, the oldest rehabilitation, differed from other 
rehabilitation and was least similar to the reference 
communities (Fig. 5a). Conversely, the younger plots 
in G10 appeared to be approaching a similar floristic 
composition to reference sites. Ordination of tree 
species abundance (Fig. 5b) indicated that although 
the rehabilitation was grouped closely according to 
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tree species composition, the younger sites (G8 and 
G10) were more similar to the reference communities 
than the distant G20. The single G10 plot was an 
outlier in Fig. 5b due to an atypical composition of 
few tree species and an absence of A. /ittoralis. 


Plant assemblages in the three plots in the unmined 
Eucalyptus planchoniana \ow woodland (RIpla) 
appeared distinct from the majority of the other 
reference plots, due to similar species richness and 
density in the three RIpla plots. At each of the other 
reference sites, dominant tree species presence was 
consistent between plots, but these species varied 
in density, and co-occurring trees varied slightly in 
composition and density between plots. In addition, 
R4pla plots were geographically closer than plots of 
other reference sites (Fig. 1). 


DISCUSSION 

The primary aims of this study were to assess the 
status of rehabilitation at Gordon mine against the 
current completion criteria, address the suitability 
of native eucalypt communities as reference sites, 
and provide insight into possible future management 
directions for established rehabilitation at Gordon. It 
was found that rehabilitation at Gordon aged 8 to 20 
years differed from the reference communities in at 
least some key measures of species composition and 
ecosystem structure, and the attainment of revegetation 
criteria varied depending on the age and composition 
of the rehabilitation. This result is not unexpected, as 
theoretical considerations of ecosystem development 
and numerous field studies have previously found 
recently disturbed or rehabilitated sites do not have 
structural and compositional characteristics equivalent 
to unmined native communities (Brewer & Whelan 
2003; Morrison, et al., 2005; Norman et al., 2006; 
Grant 2006; Koch 2007; Gould 2010). 


The floristic and structural composition of the oldest 
rehabilitation (G20 & G15) was least similar to the 
reference communities; while the G10 & G8 age 
groups most closely resembled the eucalypt reference 
communities. Results from 8-year-old and 10-year- 
old rehabilitation suggested that recently rehabilitated 
sites were on a trajectory toward the reference sites 
with measures of species composition and ecosystem 
structure approaching the reference values over 
time. Younger areas (rehabilitated since 1998) had 
received similar rehabilitation treatment, and the 
greater diversity in younger rehabilitation is likely to 
reflect the progressive improvements in rehabilitation 


practice (Smith & Nichols, 2011). Previous studies 
have found rehabilitation success to be largely 
driven by rehabilitation methods (Chambers et al., 
1994; Koch, 2007) so as the science of rehabilitation 
improves, the likelihood of achieving rehabilitation 
objectives increases. 


SPECIES COMPOSITION AND INTERACTIONS 
The reference sites were dominated by a few 
framework tree species (Eucalyptus spp., Corymbia 
spp. and Banksia spp.), contrasting with dense 
stands of A. /ittoralis with scattered Eucalyptus and 
Corymbia spp. in the older rehabilitation G15 and 
G20 which were seeded between 1987 and 1995. In 
1996, Sibelco reduced the quantity of A. Jittoralis 
included in the broadcast seed mix, in response to 
the species establishing in high densities (pers. 
comm. Daryl Robinson, Sibelco Australia, 24 March 
2011), yet A. /ittoralis in the younger rehabilitation 
(G8 and G10) continues as the most abundant tree 
species within a developing mixed Eucalyptus and 
Corymbia species canopy. 


The potential of A. /ittoralis to displace other species 
and become dominant in the canopy has been 
demonstrated by Lunt (1998) and Withers & Ashton 
(1977) in unburnt (90 years) coastal woodland in 
southern Victoria that was progressively invaded by 
A. littoralis, shifting the community structure from 
Eucalypt ovata woodland to A. /ittoralis dominated 
scrub. Allocasuarina littoralis seedlings were reported 
to possess greater shade tolerance and drought 
resistance than the previously-dominant EF. ovata 
(Withers, 1979). Crowley (1984) reported initial fast 
growth rate and high reproductive effort in A. /ittoralis 
suggesting the species is well adapted to survival in 
disturbed environments. Although completion criteria 
require a minimum tree density to be achieved in 
rehabilitation (EPA, 2007), excessive densities of 
trees (including desirable eucalypts) can exclude 
or suppress other species and decrease understorey 
species richness (Koch & Ward, 2005; Ares et. al, 
2010). Grant et al. (2007) suggest revegetation criteria 
should include both minimum and maximum limits for 
density. Given that A. /ittoralis is present in younger 
Gordon rehabilitation, it is recommended that the rate 
of seed application of A. /ittoralis be further reduced 
in future to prevent competitive exclusion. 


Understorey species richness and density were 
significantly lower in the older rehabilitation (G15 
& G20) as compared with the reference sites, despite 
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FIG. 5a. nMDS ordination of native species abundance in LTM plots at reference sites and Gordon rehabilitation age groups 


with a 20% similarity grouping. 
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FIG. 5b. nMDS ordination of tree species abundance in LTM plots at reference sites and Gordon rehabilitation age groups 


with a 40% similarity grouping. 
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similar projective canopy cover. This result may have 
been influenced by the lower species richness and 
density established with rehabilitation techniques 
employed 15 and 20 years ago, as it is known that 
initial species composition can affect subsequent 
successional trajectories (Chambers et.al, 1994; 
Norman et al., 2006; Grant et. al., 2007; Gould, 2010). 
These differences in richness and density were also 
likely to be exacerbated by the large biomass of the 
dense A. /Jittoralis stand inhibiting the recruitment 
and growth of other native species in the understorey 
through competition for light and or below ground 
resources, supported by Withers (1979) and observed 
by Harwood & Corbett (2000a). Additionally, the 
dense litter layer of A. /ittoralis needles possesses an 
inhibitory allelopathic substance and creates a physical 
barrier for germination and seedling establishment of 
all species, by limiting the infiltration of precipitation 
and light (Withers, 1978). 


Significantly higher native species density in reference 
sites was due to a large component of graminoid and 
fern life forms, in contrast to low species density in all 
age groups of rehabilitation, which were dominated by 
small shrubs in G8, G10, G15 and trees in G20. The 
species which were abundant in most reference sites 
yet restricted in rehabilitation sites were bracken fern 
(Pteridium esculentum) and rhizomatous graminoids, 
mostly Lomandra spp., rushes, sedges and Dianella 
spp. These results are consistent with a previous study 
of rehabilitation and unmined native vegetation on NSI 
(Harwood & Corbett, 2000a). Norman et al., (2006) and 
Koch (2007) also found that bracken fern and graminoid 
species of sedges, rushes and certain Lomandra spp. 
were not establishing in post-mined rehabilitation at 
Alcoa sites in Western Australia following bauxite 
mining, in similar abundance to native forest. Termed 
‘recalcitrant’ by Koch (2007), these under-represented 
Species are typically fire resprouters that are difficult 
to re-establish in similar densities in rehabilitation due 
to low viable seed supply. These resprouter species, 
which have the capacity to spread vegetatively from an 
underground rhizome to form extensive clumps, have 
been evidenced to increase in density over time on 
NSI in post-mine revegetation (seeded 1972) on high 
dunes over 12 years (Rogers & Mokrzecki, 1984) and 
following fire in native eucalypt woodland (Specht et 
al., 1984). This would suggest that where present in 
Gordon rehabilitation, these under-represented species 
might be expected to increase via vegetative means over 
time, where competition from the dense A//ocasuarina 
is not inhibitory. 


RESPONSE TO DISTURBANCE 

One of the unknown factors within the sustainability 
context of the rehabilitation is the recovery from 
future unforseen disturbance. Differences in species 
compositionandassociated functional characteristics 
(such as regeneration mode and life-history) are 
likely to have implications for ecosystem function 
and resilience (Chambers et al., 1994; Pate, 1999; 
Gould, 2010). In rehabilitation and reference sites, 
the dominant species (framework tree species and 
understorey species) exhibit different regeneration 
strategies in response to fire. Resprouter species 
recover from fire vegetatively and/or from seeds, 
while seeders are killed by fire and recruit thereafter 
from seeds buried in the soil or stored in the canopy 
(Pate, 1999). Gordon rehabilitation, in particular 
G20 and G15, was dominated by seeder species, 
notably A. /ittoralis, while reference sites were 
dominated by resprouter species such as Eucalyptus 
and Corymbia spp., Banksia spp., Pteridium 
esculentum, Lomandra spp., sedges and rushes. 
The dominance of seeder species in rehabilitation 
versus resprouter species in unmined vegetation has 
been documented at a number of sites (Bellairs & 
Bell, 1993; Koch et al., 1996; Norman et al., 2006; 
Herath et al., 2009; Gould, 2010). It is important 
to reinstate similar relative proportions, to offer 
greater resilience to natural disturbances such as 
fire, drought and herbivory (Bellairs & Bell, 1993; 
Koch, 2007; Herath et al., 2009). 


The rehabilitation at Gordon tends to reflect the 
initial species composition with subsequent species 
interactions over time influencing the successional 
pathway. Thus the initial species composition can 
have persistent effects on the resulting vegetation 
composition and ecosystem function (Chambers 
et.al, 1994; Norman et al., 2006; Grant et. al., 2007; 
Gould, 2010). Long term absence of disturbance such 
as fire, and the species specific life-history traits have 
the potential to drive community structure toward a 
dominance of seeder species (Lunt, 1998; Pate, 1999; 
Gent & Morgan, 2007; Peh et al., 2011). Lunt (1998) 
reported dramatic community change with the invasion 
of A. littoralis into coastal woodland after a long 
absence of fire and Withers & Ashton (1977) suggested 
that this community may be in a persistent stable state 
in the absence of fire. The G15 and G20 rehabilitation 
may represent what Grant (2006) describes in the ‘state- 
and-transition successional model’, as an undesirable 
deviated state which is relatively stable and resilient 
and would require significant management inputs 
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to return the community to the desired sucessional 
trajectory toward a target community. It is evident 
that without management intervention, the G15 and 
G20 rehabilitation are unlikely to progress toward 
the reference sites in the short term and that younger 
rehabilitation, with continued exclusion of fire, may 
also become progressively dominated by a simplified 
stand of A. Jittoralis. 


Management interventions such as thinning and fire 
have been used by restoration practioners and forest 
managers to drive changes in community structure, 
decrease competition and increase species diversity 
(Ward et al., 1990; Grant & Loneragan, 2001; Smith, 
2001; Grant et al., 2007; Ares et.al, 2010). Harwood et.al 
(2000) conducted an Acacia thinning trial at Bayside and 
Amity mine rehabilitation on NSI, where the competitive 
Acacia concurrens (seeded until 1995) dominated the 
canopy cover, along with A. /ittoralis, and inhibited 
the development of other species. Although increased 
shrub density was recorded following Acacia clearing, 
the results suggested the potential for a shift toward 
an A. littoralis dominated community. The effect of 
a low intensity fire was tested by Harwood & Corbett 
(2000b) at Bayside mine rehabilitation on NSI. The 
study found that fire spread was limited in rehabilitation 
with sparse understorey and a fuel type of compacted A. 
littoralis needles. In general, tree mortalities (Eucalyptus 
sp., Corymbia sp. and Acacia sp.) were low, with the 
exception of A. /ittoralis trees less than 5 m tall in old 
rehabilitation (15-19 years old), which experienced 
33 to 100% mortality. Harwood & Corbett (2000b) 
recommend that prescribed burning in rehabilitation 
may limit the increase of A. /ittoralis density and provide 
an ash bed for supplementary seeding of understorey 
species. In A. /ittoralis dominated scrub, Lunt (1998) 
proposed that frequent burning at short intervals may 
be the most suitable approach to return community 
structure to an open woodland. Ross et al., (2004) found 
that secondary disturbances such as fire could be used 
to enhance the rehabilitation following sand mining as 
long as the rehabilitation age was greater than 10 years, 
although predicting the outcome from such events was 
difficult due to the combined disturbances of mining 
and fire. The resilience of Gordon rehabilitation to fire 
has not been tested and a range of factors including 
the age of rehabilitation, fire intensity and season need 
to be investigated to determine a suitable management 
approach. The steep slopes in some areas of Gordon 
rehabilitation must be afforded crucial consideration 
in the management approach of these areas, in order to 
maintain landform stability. 
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APPROACHES TO ASSESSING REHABILITATION 
SUCCESS 

In the absence of detailed pre-mine vegetation surveys 
at Gordon mine, “representative unmined plots” of 
native vegetation are currently used as reference 
sites for judging rehabilitation success (EPA, 2007). 
However, several shortfalls arise from this approach. 
Firstly, in rehabilitation communities, measures to 
assess the successional trajectory may be more relevant 
than completion criteria based on successionally 
mature forest ecosystems and thus more informative 
than the current endpoint comparisons alone. 
Secondly, previous studies provide examples where 
post-mine rehabilitation requires decades or longer 
to develop the floristic and structural complexity of 
nearby unmined ecosystems (Rogers & Mokrzecki, 
1984; Price et al., 2005; Koch & Hobbs, 2007; Gould, 
2010). Considering that mineral sand mining on NSI 
is expected to last for only a further fourteen years 
(to 2025, reported in the media by Aguis, 2011), it is 
unlikely that the Gordon rehabilitation will achieve all 
current completion criteria. Indeed, given that post- 
mine substrates are different to the original landform 
and topsoil (Rogers & Mokrzecki, 1984; Chambers et 
al., 1994; Koch & Hobbs, 2007), it may be unrealistic 
to expect rehabilitating sites to have similar structure 
and composition to nearby unmined reference 
communities (EPA, 2006). Nonetheless, young or 
floristically dissimilar rehabilitation may contribute 
to dune stabilisation, catchment protection, habitat, 
visual amenity and other ecosystem services (EPA, 
2006), and could potentially develop to a novel but 
self-sustaining and resilient ecosystem. Therefore, 
it is proposed that alternative approaches to assess 
rehabilitation success at Gordon mine are worthy 
of consideration, and these approaches must have a 
sound basis in post-mine restoration science. 


To highlight this point, comparisons of Gordon 
rehabilitation sites with the completion criteria 
suggest that some parameters such as_ species 
composition and structure will develop at different 
rates in each rehabilitation area, and as mentioned 
previously in this paper, earlier studies have related 
similar findings to factors such as differences 
in initial species composition, considerations of 
soil chemistry processes, and exposure to post- 
rehabilitation disturbances (Rogers & Mokrzecki, 
1984; Grant, 2006; Koch, 2007). For example, while 
understorey abundance in Gordon rehabilitation 
sites do not currently meet the completion criteria, 
this is likely to change as the ecosystem matures 
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and the canopy opens in response to fire or natural 
senescence (supported by findings in Harwood et. al, 
1999). Therefore, the alternative approach of applying 
interim criteria to assess the rehabilitation at different 
stages of development may provide greater certainty 
than using final completion criteria alone, ensuring 
that mechansisms are in place to prompt action if the 
rehabilitation is not on a desired successional trajectory 
towards the target community. Other alternative 
approaches may be to assess the development of post- 
mine rehabilitation against a broader range of unmined 
reference communities; setting rehabilitation trajectory 
targets against older, nearby successful rehabilitation; 
comparing rehabilitation to reference communities 
that are not necessarily nearby but that more closely 
reflect the conditions (such as altered soil substrates) 
in the post-mine environment; or abandoning the direct 
comparison against reference communities altogether 
and assessing rehabilitation success by identifying 
the development of key functional characteristics of a 
self-sustaining and resilient ecosystem. 


MANAGEMENT FOR DESIRED OUTCOMES 
Until the desired rehabilitation endpoint is attained or 
closely approached, rehabilitation monitoring needs 
to answer three key questions. 1. Is the rehabilitation 
landform stable? 2. Is the rehabilitation on an 
appropriate trajectory towards a desired community? 
3. What are the appropriate management intervention 
options for maintaining the successional trajectory? 
Addressing these questions will most likely require 
a broad understanding of ecosystem attributes 
operating in a post-disturbance landscape. This means 
that monitoring of rehabilitation should regularly 
incorporate a range of parameter measurements 
to trigger intervention when the _ rehabilitation 
is indentified to be deviating from the desired 
successional trajectory (Grant, 2006). Indicators 
may be, for example, related to functional attributes 
(Aubin et al., 2009; Gould; 2010), or may be informed 
through comparison with a range of post-disturbance 
successional landscapes (Cummings, 2003). These 
indicators would supplement assessment against 
rehabilitation endpoint criteria. 


Assessments of the status of NSI mine rehabilitation 
must be used to inform management intervention 
decisions if rehabilitation is to be successful. Careful 
consideration of management options is needed to 
evaluate the optimal course of action. One fundamental 
consideration of land management following mining 
is to attain landform stability (DERM, 2011) and 


any intervention decision should be made with 
consideration of the net benefit of that intervention. For 
example, Gordon rehabilitation sites with steep slopes 
may be at risk of being less stable than those with 
gentle slopes, but removing the existing vegetation 
could result in the loss of ecosystem services currently 
provided, such as landform stability, water catchment 
quality, topsoil and subsoil development, and organic 
matter accumulation, and possibly expose the site to 
soil erosion and weed invasion. The financial costs 
and risks associated with failure of such action would 
have to be assessed against the confidence of success. 
Likewise, intervention such as fire and reseeding/ 
replanting to increase biodiversity in dense stands 
of A. littoralis (such as those found at G15 and G20) 
would require considered and informed judgement, 
as well as an ongoing monitoring and management 
commitment if actions are to be successful. Ultimately, 
any decision to intervene will depend on risk analysis 
of site-specific conditions, but actions deemed likely 
to further degrade an undesirable state should not be 
undertaken. 


FUTURE CONSIDERATIONS 

Given that 8 to 20-year-old rehabilitation at Gordon 
does not currently meet all revegetation completion 
criteria, and is unlikely to within the life of the mine, 
it is concluded that ongoing, intensive and adaptive 
management is required to maintain stable landscapes 
that are progressing towards the final rehabilitation 
objective of native bushland at Gordon and other mineral 
sand mines at NSI. As edaphic, climatic and biological 
influences vary spatially and temporally, management 
inputs will need to be site specific, most likely leading 
to a mosaic of management practices into the future. 
Maintenance of self-sustaining and resilient ecosystems 
on mined and unmined areas of NSI beyond the life of 
mineral sand mining requires that careful management 
of vegetation throughout the island be practiced. This 
is particularly the case for post-mine rehabilitation, 
vegetation near settlements, and areas that may be 
affected by the expected increase in future tourism as 
former mine lease areas are gazetted as National Park 
or converted to new land uses. 
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ANT COMMUNITY VARIATION WITH REHABILITATION AND MANAGEMENT 
HISTORY ON A SAND MINE AT NORTH STRADBROKE ISLAND, SOUTH-EAST 
QUEENSLAND 


WILLIAMS, E.R, MULLIGAN, D.R., ERSKINE, P.D. & PLOWMAN, K.P. 


Ant communities at Bayside Mine on North Stradbroke Island were examined as bioindicators of 
rehabilitation success to provide further information on ecosystem health compared to that which is 
determined by vegetation monitoring. Three distinct assemblages were collected, with the ant fauna 
at unmined eucalypt forests characteristic of such habitats, with many arboreal, litter-dwelling and 
shade-preferring species. The community composition of ants at an unburnt 30-year old rehabilitated 
forest resembled these unmined reference forests, although abundance, species richness and diversity 
were intermediate between reference sites and younger rehabilitation areas. An adjacent 30-year old 
rehabilitated forest exposed to wildfire was dissimilar to all sites, likely due to an incursion of the 
highly competitive pest ant, Pheidole megacephala. This species has been found in rehabilitation 
sites on the island previously and is thought to prefer areas with established vegetation where the 
microclimate at ground level has high humidity and lower temperature. Vegetation data from this study 
supports this suggestion, with a high understorey foliage projective cover and ground vegetation at 
this site compared to a paired adjacent unburnt site where the pest ant was absent. Ant communities at 
four 20-year old rehabilitated sites were similar to each other, regardless of management history, and 
contained mainly generalist species suggesting they were still recovering from the recent disturbances 
of management practices. Composition patterns, in relation to disturbance, were similar to previous 
research conducted on the island. 
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INTRODUCTION 

Sand and mineral mining has occurred on North 
Stradbroke Island since the early 1950s and, as per 
legislative requirements, rehabilitation has been 
progressively carried out in disturbed post-mining 
areas. Subsequently, monitoring is conducted to 
determine whether rehabilitated areas are progressing 
towards achieving the agreed completion criteria 
goals as required for eventual relinquishment of the 
land. Monitoring of mined areas of the island focus on 
vegetation parameters, soil physico-chemical conditions 
and landform stability, as well as endangered vertebrates 
(Queensland EPA 2007a); however, the examination of 
other faunal components is largely lacking. This is not 
Surprising considering that vegetation is the only biotic 
component typically required to be detailed in mine site 
Environmental Plans (Queensland EPA, 2007b). 


In Australia, ants have been widely used as biological 
indicators (‘bioindicators’) of mine site rehabilitation 
as a tool to reflect environmental health (Jackson & 
Fox, 1996; Majer & Nichols, 1998; extensive review in 


Hoffmann & Andersen, 2003; Nichols & Nichols, 2003). 
Ants are described as suitable bioindicators because they 
are widely abundant and species rich, relatively easy to 
sample and identify, sensitive to environmental change 
and involved with many functional components of the 
entire ecosystem (Majer, 1983; Andersen, 1990). As 
such, by examining ant community descriptors (such 
as species richness, abundance, diversity, evenness 
and dominance) and species composition, predictable 
patterns of ant recolonisation and response to disturbance 
have been described (Hoffmann & Andersen, 2003) and 
can be used to assess rehabilitation success. 


A study on ants as bioindicators of mine rehabilitation 
assessment was conducted on North Stradbroke Island 
almost three decades ago (Majer, 1985) and found the 
pest ant Pheidole megacephala at three rehabilitation 
sites. This introduced ant (commonly called the African 
big-headed ant or coastal brown ant) is listed as one of the 
world’s worst invasive species (Lowe et al., 2000). It is a 
major threat to biodiversity, as it is able to displace native 
ants and other invertebrate fauna (Hoffmann & Parr, 
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2008), as well as being detrimental in agricultural cropping 
systems, and causing annoyance and minor damage 
in man-made structures (Wetterer, 2007). Globally, P. 
megacephala is an alien species in approximately 50 
countries, with extensive establishment throughout the 
Pacific Islands (SSG, 2011). Within Australia, the ant is 
found along the eastern coast (widespread in Brisbane 
and south-east Queensland), as well as in and around 
Perth and Darwin (Burwell, 2007). 


The two main objectives of this research were: 1) to 
examine ant community descriptors and composition 
to assess the rehabilitation at Bayside Mine and to 
provide deeper understanding of ecosystem health 
than that determined by vegetation monitoring alone; 
and 2) to investigate the distribution of P. megacephala 
on highly disturbed mined areas of North Stradbroke 
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Island. Specifically, this study examined unmined 
native forest sites, as well as 20- and 30-year old 
rehabilitation areas. 


MATERIALS AND METHODS 

STUDY LOCATION AND SITES 

Research was conducted on North Stradbroke Island 
in, or adjacent to, Bayside Mine rehabilitation areas 
(Figure 1). Native vegetation in the area is dominated 
by Eucalyptus racemosa subsp. racemosa, E. 
planchoniana, E. pilularis, Corymbia gummifera 
and C. intermedia (Regional ecosystem types 12.2.6 
and 12.2.10; DERM, 2011), typically with a grass, 
heath or fern understorey (Stephens & Sharp, 2009). 
Species of Acacia and Callitris are also common in 
the upperstorey, with Monotoca, Leucopogon and 
Elaeocarpus reticulatus present in the midstorey. 
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| 
Ant Plot Locations Rehabilitation 


sv Ant Plot Locations Native 
| A = =Ant Plot Locations Native +Wildfire | 
I} _ Nth Stradbroke Island 


i] 1 2 
Km 





FIG. 1. Location and proximity of rehabilitated sites (1990 Prescribed Burn, 1988 Cleared, 1988 Wildfire, 1988 Rehab, 1979 
Wildfire, 1980 Rehab) and reference sites (Native, Native + Wildfire) on North Stradbroke Island. 
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TABLE 1. The rehabilitation and disturbance history of study sites at North Stradbroke Island. Site names detailed here are 
used for the remainder of the tables and text, and site codes are used in the figures. Site names were determined by the year of 


rehabilitation (if relevant) and final disturbance type. 


Month and year of: 


Site names Site code Rehab- Selective | Prescribed Uncon- 
ilitation clearing burning trolled fire 


Reference sites 


30-year old 
rehabilitation 


None 
recorded* 


Dec-Feb 


Dec-Feb 
pa ine = ail EG 20013 


20-year old 
rehabilitation 


1990 Prescribed burn aes] Sept 1990 | Dec2006 | Jun2007 | - 


1988 Wildfire Feb 1988 | Apr2007 | - ‘| May 2007 


Mine records do not provide details on the occurrence of fire (*) or details of an exact date (1). 


Eight sites on the Sibelco Australia Limited mining 
lease, incorporating Bayside Mine, were examined. 
These included two unmined native eucalypt forests 
and two mined sites rehabilitated in 1979 or 1980 
(broadly termed ‘30-year old rehabilitation’), with 
one of each of these paired sites burnt by an intense 
wildfire in 2001. Four mined sites rehabilitated in 1988 
or 1990 (‘20-year old rehabilitation’) and exposed to 
different management practices were also examined. In 
this area, vegetation species that had become dominant 
components of the rehabilitation (such as Acacia 
concurrens and Allocasuarina littoralis) were to be 
selectively cleared and subjected to a prescribed low 
intensity fire to increase understorey flora diversity. 
However, this combination of management procedures 
was only successful at one site. Unusually hot weather 
prohibited burning at one cleared site, and another site 
was exposed to an intense wildfire after clearing. The 
fourth site remained uncleared and unburnt. Details on 
site characteristics are given in Table 1. 


ANT SAMPLING AND HABITAT 
CHARACTERISATION 


At each site, four replicate plots were positioned at a 
minimum distance of 50 m apart. Independent replication 
of sites was not possible, as similarly-aged sites with 
consistent rehabilitation methods and management 
techniques were not available. Therefore, the term 





‘replicate’ in this paper refers to pseudoreplication of 
sampling plots within each site. Three complementary 
sampling methods were used at each plot, which were 
sampled between the 24" and 31‘ March 2009. At each 
sampling plot, a 10 m x 10 m grid of pitfall traps (25 
traps) was configured into five columns of five traps with 
2.5 m spacing (100 pitfall traps per site). Pitfall traps 
consisted of a 50 mL centrifuge tube (30 mm diameter) 
filled with approximately 20 mL of propylene glycol 
to act as a killing/preserving agent and to minimise 
evaporation. This solution was used as an alternative to 
ethylene glycol or alcohol-based mixtures as it is less 
toxic to vertebrates (Bestelmeyer et al., 2000). Traps were 
inserted into the ground as per Majer (1978), utilizing 
a small length of polyethylene pipe hammered into the 
ground around a removable pin to act as a receptacle 
for the pitfall trap. Traps were opened immediately after 
insertion and operated for 6 days. 


Hand collections were conducted for 30 minutes at 
each replicate plot (therefore, 2 hours per site) in fine, 
warm weather between the hours of 8.30 a.m. and 
4 p.m. Collections were made on vegetation and in/ 
under fallen wood, litter or other ground debris. Four 
litres of litter and underlying humus was collected at 
each plot (thus, 16 L per site) from several areas of 
the grid. Within 3 hours of collection, samples were 
transported to the laboratory and ants extracted by 
Berlese funnels over 5 days. 
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A 50 m transect was positioned approximately 15 m 
from each ant sampling plot (4 per site) and habitat 
variables that may influence ant communities were 
recorded. At 1 m intervals, ground cover (rock, leaf 
litter, live vegetation, bare ground, woody debris or 
other) was recorded, as well as understorey (below 2 
m) foliage projective cover (FPC) and overstorey FPC 
(above 2m). In2 mx 2m quadrats randomly positioned 
along the transect, plant species abundance, leaf litter 
depth and woody debris volume were recorded. A 50 
m x 10 m plot located to the outer side of the transect 
was used to record the species and abundance of trees 
greater than 2 m. Additional descriptions of replicate 
and site characteristics were noted, including aspect, 
vegetation health, soil descriptors, and dominant 
vegetation in each vertical stratum (canopy, subcanopy, 
midstorey and understorey). 


ANT IDENTIFICATION AND STATISTICAL 
ANALYSIS 

Ants were identified to genera following Shattuck 
(1999) and then to morphospecies (Andersen, 2000; 
Burwell, 2007; McArthur, 2007; Shattuck & Barnett, 
2007; Shattuck, 2008; Shattuck, 2009; Shattuck & 
Barnett, 2010; Heterick & Shattuck, 2011). For ease 
of reading the term ‘species’ will be used instead of 
morphospecies for the remainder of this paper. As the 
taxonomy of Australian ants is incomplete, undescribed 
Species were given an identification code applicable 
to this study only. A subset of species was identified 
by Dr Chris Burwell, senior curator of insects at the 
Queensland Museum, for verification of identification. 
Alates (winged reproductive castes) were omitted 
from analyses as their origin is unknown. 


Ant community descriptors were calculated for each 
site, including species richness (the number of species 
collected), abundance (number of individual ants), 
Simpson’s reciprocal diversity (a measure of the 
range and abundance of species; Magurran, 2004), 
Simpson’s evenness index (a measure of similarity 
between species abundance values; Magurran, 2004), 
and the Berger-Parker index (a measure of dominance; 
Magurran, 2004). To determine body size, a sample of 
minor workers from each species was measured from 
clypeus to the distal tip of the gaster and with the head 
and gaster at a relaxed position of approximate 30-45° 
below horizontal. Ants were then categorized as small 
(<3 mm), medium (>3 — 6 mm) or large (>6 mm). 


PRIMER v6 (Clarke & Gorley, 2006) was used to 
compute multivariate analyses, including non-metric 
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multidimensional scaling ordination, with similarity 
between plots determined by cluster analysis. Data 
from all sampling methods was transformed by 
log(x+1) and used Bray Curtis similarities. The 
BIOENV function of PRIMER was employed to 
determine which habitat variables best explained the 
observed ant species collected during this study. Prior 
to BIOENV calculations, pairs of habitat variables 
were examined by regression analysis to eliminate the 
use of interrelated variables. Differences in the habitat 
variables between sites were tested by t-tests and 
ANOVAs (followed by post hoc testing with Tukey’s 
HSD) on plot averages using STATISTICA v10. 


RESULTS 

COMMUNITY DESCRIPTORS AND COMPOSITION 
A total of 78 species from 32 genera were collected. 
Iridomyrmex and Polyrhachis were the most speciose 
genera with eight species each; the former genus was 
found predominantly in the 20-year old rehabilitated 
sites and the latter in the native vegetation sites. Of 
the 10,579 specimens captured, 3,676 were Pheidole 
megacephala at the 1979 Wildfire site. Site species 
richness was low at this site (Figure 2), similar to the 
two native vegetation sites. The 1979 Wildfire site was 
also markedly dissimilar to the other sites in terms of 
diversity, dominance and evenness of ants due to the 
skewed population distribution of P. megacephala. 


With the exception of a single specimen for each genus, 
no Melophorus or Iridomyrmex were found in the 
native or old rehabilitation sites (Table 2). Ants with 
a small body size (> 3 mm) were more prevalent in 
rehabilitation plots (34 species) compared to reference 
sites (7). Most species of Polyrhachis were primarily 
collected at the native sites (Table 3), with the exception 
of Polyrhachis ammon, which was common at all 
sites except the 1979 Wildfire site. Thirteen species 
tended to increase in abundance with disturbance, 
including Camponotus sp. NSI2, Cardiocondyla nuda, 
Iridomyrmex (3 species), Melophorus species (2), 
Monomorium fieldi, Pachycondyla (Brachyponera) 
lutea, Pheidole species (2), Tapinoma minutum and 
Tetramorium thalidum. In contrast, only Pachycondyla 
sp. NSI2 appeared to decrease with disturbance. 


Non-metric multidimensional scaling ordination 
depicted that the 1979 Wildfire plots were distinctly 
separate from all other plots (Figure 3) and cluster 
analysis confirmed that this pattern of differences 
was Statistically significant (p<0.05). A comparable 
depiction was also computed when P. megacephala 
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FIG, 2. Site values for ant community descriptors, including 
abundance (number of individuals collected), species 
richness (number of species), Simpson’s reciprocal diversity 
(where 0 = no diversity and 1 = highly diverse), Berger- 
Parker dominance index (0 = no single species dominant, | = 
one species highly dominant) and Simpson’s evenness index 
(0 = individual species abundances not similar, 1 = species 
abundances very similar). Sites are presented from left to 
right on the assumption of least to most disturbed, taking into 
consideration (in order): 1) rehabilitation age; 2) number of 
disturbances; and 3) time since last disturbance/s. Site codes 
are detailed in Table 1. 
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TABLE 2. Presence and abundance of ants at sites sampled by pitfall traps (left or sole value), litter samples (right value) and 
hand collections (*). Ant sizes are categorized as small (‘S’; <3 mm), medium (‘M’; >3 — 6 mm) or large (‘L’; > 6mm). In 
the far right column, taxonomic details are given for the corresponding species of ants detailed in Majer (1985) and include 
identifications updated by J. Majer (personal communication) in parentheses. Species that were not collected during the previous 
study are depicted with *-’, and ‘f’ portrays that although the genus was present in the lists of Majer (1985), it was not possible to 
determine if the species was consistent with taxa collected during the current study. Site codes are detailed in Table 1. 
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Majer (1985) identifications 
(2011 revised identifications) 


Aphaenogaster longiceps 
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Ochetellus glaber grp 


Pachycondyla (Bothroponera) 
sp. NSH 


Pachycondyla (Brachyponera) 
lutea 


Pachycondyla sp. NSI2 


Paraparatrechina sp. NST 
(minutula grp) 


Pheidole megacephala 
Pheidole sp. NSU (grp A) 
Pheidole sp. NSI2 (grp D) 
Pheidole sp. NS14 (grp E) 
Pheidole sp. NS17 
Plagiolepis sp. NSU 
Polyrhachis ammon 
Polyrhachis australis 
Polyrhachis daemeli 


Polyrhachis hookeri 
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ssw Majer (1985) identifications 
(2011 revised identifications) 
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Polyrhachis mjobergi 


Polyrhachis phryne 


Polyrhachis semiaurata 
Polyrhachis tubifera 
Ponera sp. NSU 
Prionopelta robynmae 
Proceratium pumilio 
Rhytidoponera metallica 
Rhytidoponera sp. NSI2 
Rhytidoponera victoriae 


Solenopsis (Diplorhoptrum) sp. 
NSI1 


Stigmacros sp. NSI1 (spinosa 
grp) 

Stigmacros sp. NSI2 
Stigmacros sp. NSI4 
Strumigenys deuteras 
Strumigenys ferocior 
Tapinoma minutum 
Technomyrmex antonii 
Technomyrmex furens 


Tetramorium thalidum 


TABLE 3. Trends in the local distribution of ant genera and species. 


Native sites 


Only or 
predomi- 
nantly 
found 


Aphaenogaster 
longiceps 


Aphaenogaster 
pythia 


Leptomyrmex 
varians 


Myrmecina 
inaequala 


Polyrhachis spp. (6) 


Rhytidoponera sp. 
NSI2 


Native and 
1979/80 rehab 
sites 


Camponotus 
humilior 


Pachycondyla 
(Bothroponera) sp. 
NSII 


1979/80 rehab 
sites 


Hypoponera spp. (2) 


Strumigenys 
deuteras 


PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 


1979/80 rehab and 
1988 rehab sites 


Carebara sp. NSI1 


Paraparatrechina 
sp. NSI1 (minutula 


erp) 


Solenopsis 
(Diplorhoptrum) 
sp. NS1 


Stigmacros spp. (3) 
Strumigenys ferocior 


Tapinoma minutum 


13/37 


109/9 


59/54* 


— 
oo 





1988 rehab sites 


Iridomyrmex spp. (7) 
Melophorus spp.(5) 


Nylanderia sp. NSI 
(obscura grp) 


Pheidole spp (2) 
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Polyrhachis mjobergi 


Majer (1985) identifications 
(2011 revised identifications) 
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was omitted from analysis. The 1980 Rehab plots 
were most similar to the native plots, although not 
significantly so. These unmined native plots were 
significantly similar to each other, as were all 20-year 
old rehabilitation plots. 


DISTRIBUTION OF P. MEGACEPHALA 

The 1979 Wildfire site was the only site where 
P. megacephala was collected or observed. Ants 
with a small body size tended to coexist with 
the pest ant, with 19 of the 24 native species 
collected measuring less than 3 mm in length. 
The abundance of P megacephala at the 1979 
Wildfire site was substantially higher than the 
total number of native ants collected in all other 
sites. All individual pitfall traps at the infested 
site contained P. megacephala, with several traps 
deficient of other ant species. 





Trends in individual species at sites grouped by their 
mining and rehabilitation history revealed that the 
1979 Wildfire site frequently showed disparities with 
the other sites. For example, Camponotus humilior and 
Crematogaster sp. NSI3 (group C) were not collected 
at this site, but were captured at the 1980 Rehab 
and native sites. Furthermore, Monomorium fieldi, 
Pachycondyla sp. NSI2, Paraparatrechina sp. NSI1 
(minutula group) and Solenopsis (Diplorhoptrum) sp. 
NSI1 were collected at abundances more similar to 
the 20-year old rehabilitation sites when compared to 
the 1980 Rehab or native sites. There were increased 
numbers of Mayriella abstinens, Camponotus gasseri, 
Hypoponera sp. NSI3, Nylanderia sp. NSIS (vaga 
group), Prionopelta robynmae, Stigmacros sp. NSI1 
(spinosa group) and Stigmacros sp. NSI2 in the 1979 
Wildfire compared to all other sites. In contrast, the 
1979 Wildfire site was the only site sampled in this 
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FIG. 3. Separation of ant communities with varying rehabilitation and management history depicted by ordination of plots using 
non-metric multidimensional scaling. Plots within the same circle are 65% similar (bold line), 48% similar (fine solid line), 43% 
similar (dashed line) and 30% similar (dotted line) according to cluster analysis. Data from pitfall traps, hand collections and litter 
samples was transformed by log(x+1) and used a Bray Curtis resemblance matrix. Site codes are detailed in Table 1. 


study where species of Polyrhachis and Rhytidoponera 
were not collected; P ammon and R. metallica were 
common to all other sites but absent at this site. 


INFLUENCE OF HABITAT VARIABLES 

When considering habitat variables, BIOENV calculated 
that 55.2% of ant community composition (transformed 
by log(x+1) with a Bray Curtis similarity matrix) was 
explained by litter depth and this was the greatest value for 
all variables and combinations examined. Examination 
of the habitat data illustrated some differences between 
the 30-year old rehabilitation sites (Figures 4 and 5). 
Specifically, understorey FPC was lower at 1980 Rehab 
compared to the 1979 Wildfire site (two-sample t-test: 
t = -4.75, df = 4, p = 0.0090), although the overstorey 
FPC was similar. At the unburnt site, there was a greater 
cover of woody debris on the ground (t = 3.8996, df= 4, 
p =0.0175), but total site vegetation richness was lower. 
Vegetation cover was greater at the 1979 Wildfire site, 
although both these sites had <10% total ground cover. 
When examining all study areas, the uncleared sites 


had a higher proportion of the ground covered by leaf 
litter compared to sites that had been selectively cleared 
(Tukey’s HSD test, p < 0.05), while these latter sites had 
higher proportions of bare ground (significant for the 
1988 Wildfire site; Tukey’s HSD test, p < 0.05). 
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FIG. 4. Mean percentage of ground cover constituents at each 
site, including bare ground (black bars), woody debris (blue), 
leaf litter (white) and live vegetation (red). Error bars show 
standard error of the mean. Site codes are detailed in Table 1. 
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FIG. 5. Vegetation variables at each site including a) mean foliage projective cover (FPC) of understorey (0-2 m; white) and 
overstorey (>2 m; grey); and b) total plant species collected in quadrats at each site (black + grey), incorporating tree richness 


(black section). Site codes are detailed in Table 1. 


COMPARISON TO STUDY BY MAJER (1985) 

Of the 78 species collected during this study, 21 were 
also collected in the earlier study and an additional two 
species were tentatively identified as taxa collected 
previously (Majer 1985; revised identifications by 
J. Majer, personal communication). Twenty species 
collected during the current study were not captured 
in the earlier research, while 35 species could not be 
determined as equivalent to those collected by Majer 
(1985), despite the genus being collected at that time. 
Details of corresponding species and genera are given 
in Table 2. An additional five species were collected by 
Majer (1985) that were not collected during the current 
study, including Cerapachys sp. new (43) (revised 
in 2011 to C. longitarsus), Epopostruma sp. new, 
Bothriomyrmex sp. \ (Arnoldius sp.), Platythyrea sp. 1 
(P. parallela) and an undetermined Ponerine species. 


DISCUSSION 
Examination of the ant fauna at the study sites on North 
Stradbroke Island depicted three distinct assemblages. 
The ants that were characteristic of the native 
vegetation sites were typical forest inhabitants, such as 
Aphaenogaster longiceps (commonly called the forest 
funnel ant; Burwell, 2007) and species of Leptomyrmex 
(CSIRO Australia, 2011b), which typically nest in open 


or wet forests. Additionally, the leaf litter foraging 
Myrmecina inaequala (Shattuck, 2009) and arboreal 
foraging or nesting Polyrhachis species (Robson & 
Kohout, 2007) were common at the references sites. 


In contrast, ants captured in the 20-year old rehabilitation 
sites tended to be generalist species, with no specific 
food or nesting preferences, including Nylanderia 
obscura and species of Pheidole and Iridomyrmex 
(Shattuck, 1999). Members of this latter genus, in 
addition to the thermophilic Melophorus species, prefer 
open areas and bare ground (Andersen et al., 2003), and 
were higher in abundance in the cleared rehabilitation 
sites. Similarly, many of the species and genera that 
increased with disturbance by management practices at 
the 20-year old rehabilitation sites were generalist ants 
with few resource limitations, such as Monomorium 
fieldi, Tapinoma minutum, Tetramorium  thalidum 
(Shattuck, 1999; Andersen, 2000) and the naturalized 
tramp ant, Cardiocondyla nuda (Heinze et al., 2006; 
CSIRO Australia, 2011a). Interestingly, many species 
collected in the rehabilitation sites were small in size, 
which supports the suggestion that smaller species 
tend to be better colonisers with a high tolerance to 
disturbance, as observed previously in ants (McGlynn, 
1999) and beetles (Niemela et al., 2000). 
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The increase of generalist species at the 20-year old 
rehabilitation suggests that the sites are still recovering 
from the recent disturbances by management 
practices, or still influenced by the canopy dominance 
in the uncleared 1988 Rehab site. However, the 
ant communities collected at these sites were 
characterised by high species richness and diversity, 
as well as the presence of several specialised species, 
which is a common trend during the mid stages of ant 
recolonisation (Bisevac & Mayer, 1999) and similar 
to the response of ants to comparable disturbances on 
unmined land (York, 2000; Parr et al., 2004; Gibb & 
Hjaltén, 2007). Due to the lack of temporal replication 
of study sites, it is not possible to determine whether 
the ant fauna at 20-year old rehabilitation sites 1s likely 
to converge with the reference sites in the future; 
however, the similar composition of ants at these 
sites to those on unmined disturbed land suggests that 
convergence is not unrealistic. 


The introduced and highly dominant Pheidole 
megacephala was collected only at the 1979 
Wildfire site and is proposed to be the cause of the 
significantly different ant community composition 
at this site compared to all other sites, as well as the 
low evenness and diversity values. Although this 
renders an assessment of rehabilitation success at 
this site difficult, several points of interest are noted. 
Despite low species richness at the 1979 Wildfire site 
compared to the other rehabilitation sites, richness 
was not depressed to the same degree as found in 
other ant communities dominated by P. megacephala 
(Majer & de Kock, 1992; Heterick, 1997; Hoffmann 
et al., 1999; Vanderwoude et al., 2000; Wetterer, 2007; 
Hoffmann & Parr, 2008; Hoffmann, 2010). However, 
the high abundance of the pest ant compared to 
native ants was similar to levels recorded in such 
studies. Specifically, P. megacephala was 105 times 
more abundant than the total number of native ants 
collected at the 1979 Wildfire site, similar to a study 
near Darwin (Hoffmann et al., 1999), and contributed 
88% of the total ants collected at the 1979 Wildfire 
site, comparable to infestations at Mount Coot-tha 
(Heterick, 1997). 


Trends in species coexistence with P megacephala 
observed at other research sites in south-east Queensland 
were also observed in the current study. For instance, an 
absence or decrease in the abundance of large ant species, 
such as Rhytidoponera species, Polyrhachis species, 
Leptomyrmex varians and Camponotus humilior, was 
found at the 1979 Wildfire site, as well as in previous 
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research on North Stradbroke Island (Majer, 1985) and/or 
Mount Coot-tha (Heterick, 1997). Additionally, there was 
increased abundance of Paraparatrechina, Stigmacros and 
Mapriella species at the infested sites in both the current 
study and at Mount Coot-tha (Heterick, 1997). Heterick 
(1997) proposed that these ants are able to coexist with 
P. megacephala due to their small size and cryptic nature 
(that is, dwelling in woody debris, soil or leaf litter). This 
suggestion is supported by the current study, which found 
the majority of native ant species at the 1979 Wildfire site 
were less than 3 mm in length and foraged or nested in leaf 
litter or underneath ground debris. This pattern of large 
subordinate species being displaced by P megacephala, 
while small cryptic ants are able to persist, was also 
observed in the Darwin study (Hoffmann et al., 1999). 
This is in line with the size-grain hypothesis suggesting 
that small ant species have a competitive advantage in 
complex habitats (such as leaf litter) compared to large 
species (Kaspari & Weiser, 1999; Farji-Brener et al., 
2004), and has been observed with other highly dominant 
pest ants such as Argentine ants (Sarty et al., 2006). 


Despite similar site attributes, identical rehabilitation 
methods and adjacent proximity to the infested site, P. 
megacephala was not found at the 1980 Rehab site. As 
this species is a ground disperser via colony “budding” 
(Wetterer, 2007), its dispersal may be limited compared 
to spreading by flight. More likely, the microclimate 
at the 1980 Rehab site may be less favourable due to 
the vegetation and habitat characteristics present, as 
a result of the absence of fire. Specifically, there was 
decreased vegetation ground cover and understorey 
FPC, which can result in less stable ambient 
temperatures and lower humidity (Willmer, 1982; 
Chen et al., 1993) and such microclimate variables 
have been shown to be correlated with the local 
distribution of P. megacephala (Greenslade, 1972; 
Majer, 1985; Hoffmann et al., 1999; Hoffmann & 
Parr, 2008). 


In terms of rehabilitation assessment, the ant fauna at 
the 1980 Rehab site most resembled the reference sites, 
although differences persisted. This may, in part, be 
due to the now outdated techniques used 30 years ago 
to rehabilitate the site, which have improved in recent 
decades through research on restoration ecology. As 
inferior rehabilitation techniques tend to delay, rather than 
permanently impede, the recolonisation of ants at sand 
mines (Majer & Nichols, 1998), the ant fauna at the 1980 
Rehab site may be expected to converge with those at the 
reference sites in the future. This suggestion is further 
supported by the intermediate values for community 
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descriptors at this site compared to the reference sites and 
the younger rehabilitation sites. 


Although replication of Majer’s early work would 
have been valuable in assessing long-term trends of ant 
communities at rehabilitated mines, the lack of precise 
coordinates and undefined rehabilitation borders 
meant that sites could not be accurately ascertained 
and resurveyed during the current study. Noteworthy 
differences between the previous study and the 
current survey include differences in site selection 
(chronosequence analysis versus disturbance intensity/ 
frequency gradient) and the influence of alternative 
rehabilitated areas of North Stradbroke Island (Amity 
Point and eastern dunes versus western dunes) despite 
similar vegetation types and regional ecosystem 
classifications (DERM, 2011) for all study areas. 


Similarities between the two studies were apparent, such 
as ordination analysis depicting that the rehabilitated plots 
were significantly different to unmined reference plots, as 
were plots dominated by P. megacephala. Furthermore, 
litter depth was a major determinant of ant community 
composition in both studies. Many of the species found 
only at the reference sites in Majer (1985) and the current 
study were cryptic litter dwellers, woody debris nesters 
or arboreal foragers/nesters. Specifically, Aphaenogaster 
longiceps, Leptomyrmex varians (corresponding to L. sp. 
4 in Majer, 1985) and Polyrhachis hookeri were found 
predominantly in the unmined reference sites in both 
Majer (1985) and the current study. 


Using ants as bioindicators to assess mine rehabilitation 
and management practices on sites at Bayside Mine, North 
Stradbroke Island, found three distinct ant assemblages. 
The 1980 Rehab site was more similar in community 
composition to the reference sites compared to all other 
rehabilitation sites, and had intermediate values of species 
richness, abundance, diversity, dominance and evenness. 
Due to the incursion of P. megacephala, the 1979 Wildfire 
site did not exhibit this resemblance to reference sites. 
Additionally, the 20-year old rehabilitation sites were still 
influenced by the remaining dominant canopy cover (at 
1988 Rehab) or the recent management practices aimed 
at remediating this dominance. The information provided 
in this paper has established valuable baseline data for 
the studied areas that can be used for continued spatio- 
temporal investigations. The use of a faunal bioindicator 
such as ant communities, as a complement to vegetation 
surveys, may provide sensitive measures of ecosystem 
health and recovery of rehabilitated mine sites on North 
Stradbroke Island. 
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CONTAMINANT DIETARY EXPOSURE ASSESSMENT FOR A COASTAL 
COMMUNITY IN MORETON BAY, QUEENSLAND: PERSISTENT ORGANIC 


POLLUTANTS IN LOCAL SEAFOOD 


MATTHEWS, V, PAEPKE, O., BURNS, D & GAUS, C. 


Polychlorinated-p-dibenzo dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) (collectively 
termed ‘dioxins’ ) and polychlorinated biphenyls (PCBs) are three groups of persistent organic pollutants 
(POPs) ubiquitous in the environment due to their emission from numerous sources, high persistency 
and propensity to be transported long distances. These compounds have the potential to bioaccumulate 
in animal tissue, biomagnify through the food web and are toxic to humans and wildlife at relatively 
low concentrations. Humans may be exposed to POPs via ingestion, inhalation and dermal absorption, 
however, for the general population, approximately 90% of the total exposure occurs through intake of 
contaminated food, particularly from lipid rich products such as seafood. 


An Australian national study highlighted that, similar to many other countries, seafood contributes 
a major proportion to PCDD/F and PCB exposure of Australians. As typical for national studies, 
the exposure assessment utilised contaminant concentrations in retail (sea)food. The present study 
assessed PCDD/F and PCB exposure for a coastal subpopulation in Moreton Bay who consume 
locally caught seafood from an area with elevated PCDD/F and PCB concentrations but relatively low 
(mostly background) toxic equivalency (TEQ,,,..p¢,) levels in sediments, which is typical for Australian 
nearshore marine systems. A previous study showed, however, that median TEQ,,,.,., concentrations 
in local seafood was 25 fold higher compared to retail seafood. The estimated average monthly 
contaminant intake for the coastal community ranged between 34 (best case) to 107 (worst case scenario) 
pg TEQ,...o¢c3 Kg! body weight (bw) month”, an order of magnitude higher than that estimated for the 
general population. The results from this study indicate that seafood consumption was 2 to 6 fold higher 
than estimated for the general population, representing an important driver for contaminant exposure in 
this subpopulation. This highlights the need for information on seafood consumption patterns in coastal 
communities to better assess the contribution of locally sourced seafood to dietary PCDD/F and PCB 
exposure. Using published omega 3 levels in seafood, nutrient intake assessments from local seafood 
sources were also investigated to inform the development of strategies that reduce exposure to POPs 
while at the same time optimise nutritional benefit from local seafood consumption. 
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INTRODUCTION 


Regular seafood consumption has been linked 
to prevention of certain conditions including 
cardiovascular disease, rheumatoid arthritis and cancer 
(McManus et al., 2007). This benefit is largely derived 
from the high content of essential polyunsaturated 
fatty acids (omega 3) in seafood, specifically 
eicosapentaenoic acid (EPA) and docosahexaenoic 
acid (DHA) (Kremer, 2000; Terry et al., 2003; He et 
al., 2004; Massaro et al., 2008). 


In contrast to consumption benefits, seafood is also 
known to contribute a significant proportion to the 


overall exposure of humans to persistent organic 
pollutants including  polychlorinated-p-dibenzo 
dioxins (PCDDs), polychlorinated dibenzofurans 
(PCDFs) and dioxin-like polychlorinated biphenyls 
(PCBs) (Liem et al., 2000). An Australian national 
dietary exposure assessment, conducted in 2004, 
estimated that the monthly dietary intake of PCDD/ 
Fs and PCBs for the population aged over 2 years was 
3.7 — 15.6 pg TEQ).9¢n Kg’! bw month with seafood 
consumption contributing the highest proportion 
among all food (39%) (FSANZ, 2004). The exposure 
assessment was based on a National Nutrition Survey 
which estimated monthly consumption of between 
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680 to 870g of seafood for individuals over 19 years 
of age (ABS, 1999). Contaminant data was based 
on the analysis of 19 retail fish samples of unknown 
origin and 5 samples of canned tuna. A subsequent 
risk assessment found the mean and 95" percentiles 
of the Australian population were below the Joint 
FAO/WHO Expert Committee on Food Additives 
(JEFCA) guideline of 70 pg TEQ)...6, kg! bw 
month! (Tolerable Monthly Intake, TMI) indicating 
the Australian general population has a very low risk 
of adverse effects from exposure to PCDD/Fs and 
PCBs through food (FSANZ, 2004). As this study was 
targeted towards the general population, no analysis 
was undertaken to account for population groups who 
may consume self-caught and more seafood compared 
to the national average, such as for example coastal 
Aboriginal and Torres Strait Islander populations and 
commercial and/or subsistence fishermen. It was, 
however, considered unlikely that such population 
subgroups would be significantly more exposed than 
the general population (FSANZ, 2004). 


It is well known that sectors of community may be 
exposed to elevated levels of persistent organic 
pollutants if they regularly consume food from 
contaminated areas and/or species accumulating 
higher contaminant levels. For example, Arctic 
Indigenous populations have been shown to contain 
elevated PCB levels in blood serum due to subsistence 
on traditional foods that include higher trophic sea 
mammal species such as seal and polar bear (Deutch 
et al., 2004; Van Oostdam et al., 2005). Similarly, 
local commercial and recreational anglers from the 
PCB contaminated Great Lakes region in the United 
States have been reported to have significantly higher 
PCB serum levels compared to a reference group who 
consume little fish (Knobeloch et al., 2009). 


Moreton Bay in southeast Queensland, is a semi- 
enclosed embayment that sustains both commercial 
and recreational fishing. This bay is located directly 
adjacent to the city of Brisbane, which supports a 
population of approximately 1.77 million. Apart 
from urban land use, widespread agriculture and 
grazing and relatively low density tertiary industry 
are present in the bay’s catchments. Moreton Bay has 
elevated concentrations of PCDD/Fs but relatively 
low (background) toxic equivalency (TEQ,,.,,.3) In 
sediments (Hermanussen, 2009) which is similar to 
contamination profiles generally found in nearshore 
marine sediments in other Australian states and 
territories (Mueller et al., 2004). The characteristic 
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PCDD/F contamination pattern in Moreton Bay 
sediment (and Queensland in general) is dominated 
by PCDDs, particularly octachlorodibenzo-p-dioxin 
(OCDD), with most PCDFs below the limit of 
detection (Gaus et al., 2001; Hermanussen, 2009). 
While this contamination profile does not match 
those known from typical industrial sources identified 
in the northern hemisphere, recent studies have 
shown dioxin impurities in past but also current use 
pesticide formulations from Australia may explain the 
contamination pattern found in sediment and soil from 
Australia (Holt et al., 2009). Emission estimates from 
commonly used pesticides (both historical and current 
use) indicate that they may represent significant 
sources to the land, equivalent to other sources (ie 
biomass burning, waste burning and pulp and paper 
production etc) listed as major contributors in the 
Australian emission inventory (Holt et al., 2010). 
However, the contribution of these sources to Moreton 
Bay sediment has not been quantified to date. 


Despite the relatively low density of typical industrial 
PCDD/F and PCB point sources around Moreton Bay 
and relatively low TEQ,,..,.3 Concentrations in its 
sediment, TEQ,,...,.3 levels in fish were previously 
found to be elevated compared to retail seafood 
(Matthews et al., 2008). This suggests that retail fish 
may not accurately reflect the contaminant levels in 
seafood originating from Australian nearshore marine 
waters and are therefore not appropriate for evaluation 
of human exposure via recreational or subsistence 
fishing. However, in the absence of information 
on consumption of locally sourced seafood by the 
Australian population, its contribution to PCDD/Fs 
and PCBs exposure cannot be estimated adequately. 
Hence, in a case study approach, the North Stradbroke 
Island community in Moreton Bay participated in a 
local investigation to determine the consumption of 
locally sourced seafood and to evaluate the associated 
exposure to PCDD/Fs and PCBs. 


MATERIALS AND METHODS 
For consumption data, two different survey methods 
were employed to estimate typical long-term patterns of 
seafood consumption by the adult population of North 
Stradbroke Island in Moreton Bay. A food frequency 
questionnaire was distributed to residents which presented 
a pre-determined list of Moreton Bay seafood species for 
which participants were asked to average consumption 
over the last year (n=197, response rate 39%). The results 
were then validated through fortnightly seafood diary 
records completed by a smaller subset of the community 
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(n=33). For contaminant data, 99 samples from 23 
seafood species (including traditional seafood species, 
dugong and turtle were analysed for PCDD/Fs and 
PCBs. All PCDD/F and PCB analysis was undertaken 
at Eurofins GfA in Hamburg, Germany as detailed 
previously (Matthews et al., 2009). For the purposes of 
the exposure assessment, the PCDD/F and PCB levels in 
seafood are reported on a toxic equivalent (TEQ,,,.,..3) 
basis using the 2005 World Health Organisation (WHO) 
Toxic Equivalency Factors (TEFs - mammalian) (Van 
den Berg et al., 2006). Calculating TEQs allows for 
the reporting of a single toxicity figure for each sample 
(representing the summed toxicity of all PCDD/F and 
PCB compounds within that sample) and the comparison 
of toxicity between samples and to guideline values. 
Literature sources were utilised for nutrient values of 
Australian seafood (Brand Miller et al., 1993; FSANZ, 
2006) with omega 3 fatty acid content mainly obtained 
from a comprehensive survey of oil profiles in Australian 
seafood (Nichols et al., 1998). 


Crystalball 2000 (Decisioneering Inc.) risk 
modelling software was utilised to combine the 
consumption survey information with contamination 
results from analysis of Moreton Bay seafood and 
published nutrition values for the same species. The 
software incorporates Monte Carlo probabilistic 
methods to predict and describe the exposure and 
estimate the proportion of the population at greater 
risk from exposure. Most contaminant data input 
distributions for the probabilistic analysis were 
based on empirical data and where sample numbers 
were limited, distributional recommendations 
were adopted from similar scenario analyses in 
the literature. Due to limited number of omega 3 
values in the literature for specific seafood species, 
uniform distributions were applied using published 
minimum and maximum levels. 


To assess exposure, average monthly dose of 
contaminants (Cm) (pg TEQ,,.,.¢3 kg! bw month) 
was estimated using the following model: 


> Clint, 


Cm = =! -_ 
hw 


where C/nt is the total contaminant intake from 
ingestion of seafood species denoted i=1 to i=23 
(TEQp+pcn PZ Month!) and bw is bodyweight of the 
consumer adult (kg). 


To measure contaminant intake (C/nft): 
Cn, = Cf; x Sw, x Sn, 


where Cn is the consumption amount of individual 
seafood species (g month"), Ct the toxic equivalent 
concentration (Van den Berg et al., 2006) for PCDD/ 
Fs and PCBs (TEQ,,..,¢3) In the respective seafood 
species (pg g! fresh weight), Cf the seafood species 
consumption frequency (times month’), Sw the 
seafood species portion weight (grams) and Sn the 
Species portion number consumed per meal. The 
model provides an estimate of monthly contaminant 
intake for individuals within the population. 


Average monthly intake of nutrients (Nm) was 
estimated using the following model: 


23 
Nm = > (Cn, x Ne,) 
i=1 
where Ncis the nutrient concentration for a specific seafood 
species denoted 1 to 23 (mg/month or ug/month). 


The contaminant and nutrient exposure estimates were 
compared to their respective reference values. For 
TEQ p:pcy Intake, the JEFCA TMI guideline of 70 
pg TEQ).:pc3 kg’ bw month' was used to assess the 
proportion of the population who are potentially at a 
greater risk regarding adverse health effects from dioxin 
and PCB exposure via seafood consumption (FAO/WHO, 
2001). The National Health and Medical Research Council 
of Australia (NHMRC) has endorsed the use of the JECFA 
guideline as a regulatory guideline for risk assessment 
purposes (NHMRC, 2002). Omega 3 consumption was 
compared to the NHMRC Recommended Daily Intakes 
(RDIs) for the Australian population (NHMRC, 2005). 


RESULTS AND DISCUSSION 

LOCAL SEAFOOD TEQ,,,.,..4, CONCENTRATIONS 

The Moreton Bay seafood contaminant analysis presented 
here builds on previously published data (Matthews et al., 
2008). TEQ,-:o¢n levels ranged from 8.6 to 190 (median 
36) pg g' lipid weight (Iw) in fish, 36 to 39 (median 38) 
pg g' Iw in squid, 38 to 600 (median 160) pg g' Iw in 
crustaceans and 14 to 77 (median 24) pg g' Iw in shellfish 
samples (Table 1). Despite the relatively low density of 
typical industrial PCDD/F and PCB point sources around 
south-east Queensland, the median TEQ,,.,..., level in fish 


from this study is approximately 26 fold higher compared 
to recent Australian national data on retail seafood. 
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TABLE 1. TEQ 


for all seafood species. 


prapcn Ange (and median) in pg g' lipid and fresh weight (upper bound) and lipid content range (and median) 
Bonito Flathead Flounder Garfish Mackerel Moses Perch 


Sarda sp Platycephalus | Pseudorhombus | Hemiramphus | Scomberomo- Lutjanus 
Juscus Jenynsii robustus rus sp russelli 


eS 
Lipid % 2.39 0.13-0.39 0.13-1.03 0.8-1.2 4.99-11.8 0.96-1.49 
Fada Mga Das el >a (0 al 
TEQ lipid 23 16-110 21-60 10-14 11-72 36-44 
pee ey | ae | ce ll ad ce _| 
TEQ fresh 0.56 0.017-0.34 0.077-0,29 0.082-0.14 1.1-6.8 0.42-0,54 
aE ised ie abe 


Mullet Snapper Stingray Summer Tailor Yellowfin 


Whitin Pomatomus Bream 
Mugil cephalus | Pagrus auratus | Urolophidae sp ae , 


Sillago ciliata saltatrix Acanthopagrus 
australis 


eS = 


Lipid % 0.5-11.6 0.67-1.64 0.68 0.24-0.53 5.1-18.2 0.22-5.21 
(2.67) (1.08) (0.36) (11.2) (1.02) 


TEQ lipid 10-98 30-92 150 8.6-32 15-81 15-190 
ee eee 
TEQ fresh 0.28-2.8 0.20-0.99 1.0 0.037-0.10 0.96-14 0,.23-1.7 
peor | “owe | “or || wen 


Pacific Oyster | Pearl Oyster ipi i Bay Prawn Banana Prawn 


Crassostrea Pinctada tololi Metapenaeus Penaeus 
gigas margaritifera I macleayi merguiensis 


Lipid % 1.7-2.8 0.64 0.81-1.75 1.87-2.0 
(2.3) (1.6) (1.94) 
TEQ lipid 16-21 24-77 36-39 
weight 
(19) (25) (38) 
TEQ fresh | 0.37-0.46 0.088 0.37-0.63 0.68-0.78 
ht 
mele (0.42) (0.43) (0.73) 
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Tiger Prawn Mudcrab 


Penaeus 
esculentus 


Scylla serrata 


Sandcrab 


Green Turtle 
Muscle? 


Dugong 
Blubber’ 


Dugong 
Muscle 


Portunus 
pelagicus 


Chelonia 
mydas 


Dugong dugon | Dugong dugon 


n=! n=4 n=2 n=3 n=2 n=12 
pool 


Lipid % 0.31 0.13-0.32 0.23-0.33 37,3-62.1 1.5-10.6 
aa a ea Dea De 
TEQ lipid 130-600 350-370 4 3-9.9 8.7-34 
eee | oo Ley | 
TEQ fresh 0.18 0.19-0.80 0.86-1.2 1.6-6.1 0.13-3.6 0.54-2.4 
Ed a ea De os 
“one sample not analysed for mono-ortho PCBs 
estimated from blood samples (Hermanussen et al 2009) 


In general, the TEQ)p.»cg levels in Moreton Bay 
seafood are comparable to those measured in seafood 
from other urban areas which historically received 
discharges of agricultural, municipal and industrial 
wastewater (Nie et al., 2005; Loutfy et al., 2006; 
Zhang et al., 2007). When compared to heavily 
polluted sites, however, TEQ,,..,,., levels in seafood 
from this study are considerably lower or within the 
lower range of reported levels. For example, yellow- 
fin bream and prawns from Sydney Harbour, which 
was heavily contaminated with PCDD/Fs via long- 
term operations of a chemical manufacturing plant 
and has consequently been closed to commercial 
or recreational fishing, contains highly elevated 
TEQppspca levels ranging from 6.6 to 141 (average 
29.1) pg g' fresh weight (fw) and 3.1 to 22.9 (average 
11.3) pg g' fw respectively (NSW Food Authority, 
2006). In contrast, TEQ)...¢, levels in yellow-fin 
bream and prawns from Moreton Bay contained 0.23 
to 1.7 (average 0.65) and 0.18 to 0.4 (average 0.32) pg 
go! fw, respectively. 


While TEQ,.,.c3 levels in seafood from Moreton 
Bay are considerably higher than TEQ,,...., levels 
in retail seafood, most samples analysed for the 
present study are below guideline levels set by the 
Commission of the European Communities in 2006. 
These guidelines provide a strategy to reduce PCDD/F 
and PCB levels in the environment and their impact 
on human health, including focusing on measures to 
reduce contamination in feeding stuffs and food when 
guideline levels are exceeded (Verstraete, 2002). 





Action levels (fish muscle: 3 and 3 pg g' TEQ fw for 
PCDD/Fs and PCBs respectively) were developed 
as a tool for ‘early warning’ of contamination above 
background levels and maximum levels (fish muscle: 
4 and 8 pg g' TEQ fw for PCDD/Fs and PCDD/ 
Fs + PCBs respectively) were set for marketed 
foodstuffs (European Commission, 2006a; European 
Commission, 2006b). On a fresh weight basis, the 
TEQpp+pcn levels in Moreton Bay seafood ranged 
from 0.088 — 0.63 (median 0.42) pg g" fw in shellfish, 
0.18 — 1.2 (median 0.53) pg g! fw in crustaceans 
and 0.037 to 14 (median 0.49) pg g' fw in fish 
(Table 1). TEQs exceeding the EU guidelines were 
observed in a specimen of the high trophic, lipid 
rich species tailor (TEQ range from 0.96 to 14; 
median 4.9 pg g" fw). 


DF+PCB 


LOCAL SEAFOOD CONSUMPTION 

Of all food frequency questionnaires returned from 
North Stradbroke Island residents, 95% of respondents 
consume locally sourced seafood and the majority have 
lived on the Island for 5 years or more (76%). When 
asked about current pattern of seafood consumption 
compared to historical use, 75% consume about the 
same or more fish, 83% consume about the same or 
more crustaceans and 69% about the same or more 
shellfish. This indicates that the majority of consumers 
on the Island have retained similar consumption 
patterns over their years of residence. 


Based on individual seafood species consumption 
in the food frequency questionnaire, the monthly 
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average intake of seafood of the North Stradbroke 
Island community was 6.4 kg (median 4.5 kg; range 
0.30 — 31 kg). This represents more than six fold 
higher average consumption compared to the general 
Australian population. When compared to other dietary 
survey techniques, food frequency questionnaires 
tend to overestimate frequency of consumption due 
to the reliance on participant recall and their ability 
to correctly average consumption over a specified 
time period (Bingham et al., 1994). Hence, this study 
investigated seafood consumption using a second 
survey method (i.e. diary records, which is more time 
consuming and hence had a much lower participation 
rate). The diary records indicated that the total average 
seafood consumption may have been overestimated by 
up to a factor of three using the food frequency survey 
methodology. Although the diary records indicate a 
lower amount of consumption, the average monthly 
level recorded is still approximately two fold above 
that of the Australian general population. 


CONTAMINANT INTAKE VIA SEAFOOD 
CONSUMPTION 

Different exposure scenarios were calculated due to 
this uncertainty in seafood consumption estimates. 
In a ‘worst case’ scenario, input distributions for 
consumption variables were developed directly from 
estimates within the food frequency questionnaire. 
The results from the Monte Carlo simulation (10,000 
trials) indicated that 44% of the seafood consuming 
population on the Island is exposed to PCDD/Fs and 
PCBs above the TMI of 70 pg TEQ,,..., kg! bw 
month" (Figure 1). The average intake was 107 pg 
TEQ y:pcp KE"' bw month! (median: 58; 95" percentile: 
362). This is regarded as the “worst case’ scenario, as 
it does not take into account uncertainty in relation to 
respondent recall. 


For the low consumption scenario, consumption 
correction factors were applied by comparing average 
monthly consumption levels of seafood types between 
the diary records and the summed individual species 
estimates from the food frequency questionnaire. 
Application of the correction factors into the Monte 
Carlo simulation subsequently reduced the predicted 
proportion of the population above the TMI to 11%. 
The average intake was 34 pg TEQ,...., kg’ bw 
month! (median: 20; 95" percentile: 114) (Figure 1). 


The impact of each consumption and contaminant 
variable on resultant exposure was quantified 
through a sensitivity analysis. Each variable was 
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High Consumption Scenario (“worst case”) 





2 = 
3 3 
2 44% of exposure values above = 
a 70 pg TEQpr pce ky bw"! month! 2 
1.9 128 255 381 508 
Exposure (pg TEQpp. pce kg bw7!' month-!) 
LowConsumption Scenario 
2 i 
5 2 
a 11% of exposure values above 2 


70 pg TEQor. pcekg bw7' month"! 





> 
0.7 41 70 123 163 
Exposure (pg TEQor. pce kg bw"! month-') 


FIG. 1. Probability chart showing exposure calculations 
(10,000 trials) for the North Stradbroke Island community 
based on a) individual species consumption estimates 
from the food frequency questionnaire (worst case 
scenario) and b) application of correction factors relating 
to consumption information from seafood diary records 
(low consumption scenario). 


tested independently (over the range of its input 
distribution values) by holding all other variables 
static at their median value. Resultant exposure 
levels were plotted at nominated percentiles of 
the tested input distribution. The variables which 
contributed most to variance in the exposure forecast 
were related to consumption of seafood, in particular 
the fattier fish species tailor, mackerel and mullet 
(Figure 2). It is the upper tails of input distributions 
that have the greater impact with intake levels 
increasing from approximately the 70" percentile. 
This indicates that higher consumption of these lipid 
rich fish considerably increases exposure levels. 


NUTRIENT INTAKE VIA SEAFOOD 
CONSUMPTION 

For omega 3 intake, local seafood consumption levels 
from the ‘high consumption scenario’ were utilised 
as this presents the ‘best case’ scenario in terms of 
benefit received from seafood consumption. As the 
NHMRC (2005) presents RDIs based on gender, 
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FIG. 2. Sensitivity analysis showing the top five input variables with the largest effect on contaminant exposure. 


separate input distributions were used representing 
male and female consumption. The results of the 
Monte Carlo simulation (10,000 trials) showed that 
consumption from local seafood contributes less 
omega 3 oils than the respective NHMRC guidelines 
(4,800 and 2,700 mg month") for 58% of males and 
12% of females on North Stradbroke Island (Figure 
3). However, meat and poultry are also significant 
dietary sources of omega 3 oils contributing an 
estimated 43% of the total intake for the adult 
Australian population (compared to 48% from 
seafood) (Howe et al., 2006). 


Similar to the evaluation of variable effect on 
contaminant exposure, the impact of each species 
consumption and omega 3 content on resultant nutrient 
intake was quantified through a sensitivity analysis 
(Figure 4). Similar to effects on contaminant exposure, 
consumption variables had the most significant effect 
and, again, it is the fattier fish species such as mackerel 
and tailor which have the largest effect on omega 
3 intake. This suggests that higher consumption 
of these high lipid fish is beneficial for increased 
intake of omega 3 and highlights the nutritional and 
toxicological conflict relating to the consumption of 
these species. 


RISK VERSUS BENEFIT 

While local seafood is known to be the major 
contributor to TEQ)..»c, exposure, there are other 
comparable or more significant sources for nutrient 
intake. The purpose of this risk-benefit analysis is 
to inform strategies that reduce risk and optimise 


nutritional benefit of locally sourced seafood 
consumption. To compare contaminant risk versus 
nutritional benefit with respect to consumption of 
locally sourced seafood species, benefit-risk ratios 
were calculated from each trial of the Monte Carlo 
simulation by dividing the nutrient/contaminant 
intake by the relevant reference value (RDI/TMI). 
Corresponding ratios were graphed on to a log 
scale scatter plot to visibly demonstrate the risk 
versus the benefit in terms of whether a sufficient 
amount of local seafood was consumed to meet the 
RDI and whether the same consumption level and 
pattern resulted in intakes over the TMI (Sioen et 
al., 2008) (Figure 5). The resulting graphs have four 
quadrants which represent: sufficient nutrient intake 
to meet the RDI and contaminant intake less than 
the TMI (most beneficial) (quadrant A); sufficient 
nutrient intake but contaminant intake higher than 
the TMI (quadrant B); insufficient nutrient intake 
to meet RDI but contaminant intake lower than 
TMI (quadrant C); and insufficient nutrient intake 
and contaminant intake higher than TMI (least 
beneficial) (quadrant D). 


For both male and female omega 3 intake, the 
majority of the benefit risk comparisons lie within 
quadrant B indicating that consumption patterns are 
resulting in sufficient nutrient intakes but contaminant 
levels higher than the TMI (Figure 5). There are also 
a number of comparisons falling within quadrant A, 
particularly for the female population, which signifies 
that RDI levels are being reached without appreciable 
risk from contaminant exposure (Figure 5b). 
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Omega 3 Intake (male guideline) 





2 2 
. 2 
53 3 
E 58% of intake levels below & 
4,800 mg month"! 
368 4,800 9,484 14,042 18,600 
Intake (mg month-') 
Omega 3 Intake (female guideline) 
ba] 
£ 3 
A 3 
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2,700 mg month! 





15,289 22,699 30,108 


Intake (mg month-') 


470 2,700 = 7,880 


FIG. 3. Probability chart showing omega 3 intake calculations 
(10,000 trials) for the male and female North Stradbroke 
Island population based on consumption data from the food 
frequency questionnaire. 


RISK MANAGEMENT STRATEGIES 

To identify those species that present the most nutritional 
benefit over contaminant risk and thereby increase the 
proportion of benefit risk ratios in quadrant A (most 
beneficial), hazard quotients (HQs) were calculated for 
each species (Gladyshev et al., 2009): 


RDI jt x Ct; 
TMI x Ne, x bw 


The quotient represents a comparison of risk versus 
benefit for adequate consumption of a particular 
species to reach the omega 3 RDI. If the quotient is 
<1, there is no obvious risk with consuming an amount 
to reach the RDI, however, if the quotient is >1 then 
there is appreciable risk from consuming that amount 
in terms of TEQ intake. 


DF+PCB 


HO = 


Based on the hazard quotient results, if local 
seafood consumption patterns change to include less 
consumption of those species with HQs>1 (such as 
the fattier fish species: tailor, mackerel and mullet) 
and more of those species with HQs<1 (such as the 
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leaner fish species: whiting, snapper and flathead), 
the proportion of ratio points in quadrant A increases 
(Figure 6b). However, there remains a significant 
proportion of the ratio points within quadrant C 
indicating insufficient intake of omega 3. This 
clearly demonstrates the difficulty of managing the 
nutritional/toxicological conflict with fattier fish 
species (HQ>1) containing high levels of both omega 
3 and TEQ pcp: 
To be most effective, risk management strategies 
require the education and involvement of the 
community to which they are targeted (Burger and 
Gochfeld, 2009). One example of a risk management 
tool based on actual consumption and developed 
for local application is the “Ribepeix” database that 
allows consumers themselves to compare contaminant 
and nutrient intake based on their consumption levels 
of particular species (Domingo et al., 2007). It informs 
consumers of which meals exceed set guidelines with 
respect to a number of contaminants as well as whether 
seafood meals reach recommended intakes of omega 
3 fatty acids. Its purpose is to optimise the balance 
between risk and benefit with respect to seafood 
intake and, as such, is an effective self-management 
and educative tool for community use that could be 
adapted for coastal Australian subpopulations. 


This case study indicates that coastal subpopulations 
in Australia can be exposed to considerably higher 
levels of PCDD/F and PCB concentrations compared 
to the general population through local seafood 
sources, even in areas of relatively low TEQ)..5¢3 
concentrations in sediments. This, combined 
with increased consumption of seafood by local 
communities, can result in exposure above the TMI in 
a relatively high proportion of such communities. The 
results from this study also highlight the inadequacy 
of utilising general consumption estimates and retail 
seafood contamination data for risk assessments 
considering subpopulations. Given that the majority 
of study participants have lived on the island for over 
5 years and their pattern of seafood consumption 
has remained similar over this time, it is likely that 
the measured intake levels have been sustained over 
considerable periods and are relevant with respect to 
the chronic exposure safe intake guideline of 70 pg 
TEQ)<:pcn Kg! bw month’. The study suggests that 
between 11% (low consumption scenario) and 44% 
(high consumption scenario) of the community are 
above this guideline. An effective risk management 
strategy would reduce contaminant exposure but 
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FIG. 4. Sensitivity analysis showing the top five input variables with the largest effect on omega 3 intake for male and female 
North Stradbroke Island seafood consumers. 


a) maleomega3 vs TEQors+pce intake b) female omega 3 vs TE Qpr+pcp intake 


Omega 3 intake/RDI (male) 
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TEQ intake/TMI TEQ intake/TMI 


FIG. 5. Based on North Stradbroke Island community seafood consumption, benefit-risk ratios of TEQ intake/TMI (70 pg 
TEQ pcp KZ bw! month') against a) omega 3 intake for men/RDI (4,800 mg/month); and b) omega 3 intake for women/RDI 
(2,700 mg/month), 
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a) original consumption 


Omega 3 intake/RDI 
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b) exclude species HQ>1, 
consumption species HQ<1 doubled 


Omega 3 intake/RDI 





TEQ intake/TMI 


FIG. 6. Based on North Stradbroke Island community seafood consumption, benefit-risk ratios of TEQ intake/TMI (70 pg 


TEQp espcp 1 } 
species and double consumption of HQ<1 species. 


have low impact on the positive aspects of local 
seafood consumption (nutritional as well as cultural 
and recreational benefits). In the long term, the 
best mitigation strategy to protect high seafood 
consuming populations is to identify and reduce the 
source of bioaccumulative and toxic contaminants. 
An effective strategy in the medium term would 
require the development of practical tools to enable 
the community to self manage an optimal balance 
between risk and benefit with respect to seafood 
intake. The finding that consumption is driving 
elevated exposures demonstrates the need for better 
information on local seafood consumption patterns 
to better assess risk for coastal subpopulations. 
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REHABILITATION 
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On 11 March 2009, damage to a large container ship, Pacific Adventurer, caused by dislodged shipping 
containers during Cyclone Hamish (Category 5 cyclone) resulted in the loss of a large quantity of 
heavy fuel oil into the ocean. In addition to beach, reef and mangrove habitats, the resultant oil slick 
affected two coastal wetlands on the northern end of Moreton Island. The two wetlands, Spitfire and 
South Eagers Creeks, were impacted by the oil spill when strong winds and associated large waves 
and rough seas carried oil over the beach and into the predominantly freshwater habitats. The oil 
affected large expanses of vegetation and a significant amount of oil sank to the bottom of wetland 
channels. These wetlands have important cultural value to the indigenous owners of the island and 
they also provide habitat for a number of threatened flora and fauna. This was accounted for during the 
clean-up and rehabilitation of the wetlands where a multidisciplinary team of scientists, operational 
staff from responsible government agencies and trainee rangers from the indigenous owners of the 
island (The Quandamooka people) implemented the clean-up plan. The cleanup and rehabilitation of 
Spitfire and South Eagers Creek Wetlands was highly successful, and through a balance of intervention 
and natural processes, the wetland has returned after 18 months to a level of health satisfactory to 
Traditional Owners. The cleanup projects integrated indigenous knowledge with contemporary 
scientific information and facilitated stronger relationships, greater trust and knowledge sharing 
between indigenous elders, trainee rangers, scientists and managers. 
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INTRODUCTION 

On 11 March 2009, a 185 metre container ship, Pacific 
Adventurer, lost 31 shipping containers approximately 
seven nautical miles east of Cape Moreton, south-east 
Queensland, while trying to enter Moreton Bay to 
shelter from the effects of Cyclone Hamish, a Category 
5 cyclone. Damage to the ship caused by the falling 
containers resulted in the loss of a 250 tons of heavy 
fuel oil into the ocean. The resultant oil slick affected 
sandy beaches, rocky reefs and two coastal wetlands 
on the northern end of Moreton Island and beaches and 
mangrove wetlands along the Sunshine Coast (Figure 1). 
In total, 75 kilometres of coastline were affected, with 
many of the affected areas located within the Moreton 
Bay Marine Park and the Moreton Bay Ramsar site. 
The strong winds and associated large waves and rough 
seas resulted in oil being carried over eastern beaches of 
Moreton Island and into two predominantly freshwater 
wetlands at Spitfire and South Eagers Creeks in the 
northern sector of the island before any preventative 
actions could be implemented. 


Oil in the sub-tropical marine environment 
weathers fairly rapidly in the early stages followed 
by gradual slowdown after about three months, and 
toxicity is likely to have diminished by six months 
post-spill in marine environments (Melville et al. 
2009; Boehm et al 1982). In contrast, in freshwater 
wetlands, biodegradation of oils and associated 
chemicals takes place comparatively slowly, 
primarily due to the sub-surface lack of oxygen 
in a relative stagnant water column that has an 
organic-rich sediment (Venosa and Zhu 2003). 


Impacts on freshwater wetlands from marine oil 
spills are unusual due to lack of linkage with the 
ocean. Furthermore the Pacific Adventurer event 
was the first time that a significant oil spill has 
affected a sand island and its associated wetland 
habitats. This paper documents the approach that 
was adopted to clean oil from two freshwater 
wetlands on Moreton Island, and the results from 
monitoring early stages of wetland recovery. 
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FIG. 1. Maps of South East Queensland and Moreton Island showing location of Spitfire Creek Wetland and South Eagers 
Creek Wetland. The approximate location of the source of the oil spill is also shown (closed triangle). 


MATERIALS AND METHODS 
DESCRIPTION OF OILED WETLANDS 
Moreton Island is a large sand island situated about 
40 km to the east of Brisbane, south-east Queensland, 
Australia. The island has several perched wetlands on 
its north-east side. These wetlands are characterised 
by having a dense layer of compressed organic 
matter, which prevents water percolating through the 
sediment. Two of these wetlands were impacted by 
the marine oil spill when large waves and high tides 
carried oil across the beach. Both wetlands generally 
have sufficient water to maintain a slow flow of water 
from the wetland to the ocean. The natural funnels 
caused by flow from the wetlands through sand dunes 
and across the beach, provided an entry point for large 
volumes of oil to be advected into the two wetlands. 


Both wetlands have important cultural and 
environmental values for the Traditional Owners 
of the land, the Quandamooka People. There are 
significant anthropological sites adjacent to each 


wetland, which highlights the long-term nature of 
their cultural significance. The wetlands and their 
catchments are situated in a National Park and 
Ramsar area, they are unaffected by development 
and are generally pristine in nature. 


South Eagers Creek Wetland 

South Eagers Creek Wetland is situated at 27.09123 S 
and 153.254102 E (Figure 1). The entrance channel to 
the wetland was relatively shallow at the time of the oil 
spill. The wetland channel is strongly incised into the 
dunes and it has steep sides clothed by Casuarina glauca 
and patches of the sedge Schoenoplectes validus. 


Spitfire Creek wetland 

Spitfire Creek Wetland is situated at 27.07167 S, 
153.45146 E (Figure 1). The wetland has shallow 
banks covered with a wide expanse of sedges 
(Baumea teretifolia and Schoenoplectes validus). 
Emergent water plants including Nymphaea caerudea, 
Phylidrum lanuginosum and Triglochin procerum are 
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found within the wet area of the wetland. This wetland 
has a relatively small entrance through the dunes and 
expands in width behind the foredunes. Sediment 
associated with the wetland at the entrance is sandy, 
but becomes dominated by mud in areas away from 
the main open water channels. The substrate of the 
channels was covered by a loose layer of detritus. 
Approximately 10 cm into the sediment there is a 
thin (approximately 5 cm layer of highly compressed 
detritus, which often prevents water being lost from 
the wetland by percolating through the sediment). 


ESTABLISHING OBJECTIVES FOR CLEAN-UP 
OF THE WETLANDS 


Little to no baseline information about most of the 
fauna or flora in either wetland was available prior to 
the spill, which influenced the ability to assess impact 
on biota. Much earlier surveys of fish documented the 
habitat preferences of the endangered Oxleyan pygmy 
perch, Nannoperca oxleyana (Knight and Arthington 
2008) in Spitfire Creek. For the purposes of the wetland 
restoration project, a study on fish communities was 
conducted in the two affected wetlands before and 
after the oil spill (Rissik & Esdaile 2011). An adaptive 
management approach was taken to assess and mitigate 
the impacts of the oil spill (Figure 2). This enabled new 
information from monitoring and observation of the site 
to be incorporated into the management of the wetlands. 


Objectives for the wetland cleanup were determined 
through a combination of the initial site assessments 
of the area, discussion with Traditional Owners 
(TOs) and from review of photographs taken by the 
TOs a number of years before the spill occurred. The 
photographs were used as an indicator of the extent and 
nature of the emergent vegetation in the wetland, and 
provided an indication of the results expected by the 
TOs after recovery from the oil spill. The photographs 
show dense expanses of sedges (Schoenoplectes 
validus and Triglochin) along the banks and partly 
submerged in shallow areas of the wetland. Emergent 
macrophytes such as Nymphae were also present. 


Our objectives were: 

1. To return the two wetlands to a visual state 
similar to that identified in the photographs. 
This included ensuring that reed-beds were well 
established, emergent vegetation had repopulated 
the wet areas of the lower wetland and that the 
wetland had obvious numbers of invertebrate and 
vertebrate fauna such as crabs, prawns and fish. 


2. To undertake wetland rehabilitation in the 
least invasive manner possible to prevent any 
further damage from occurring as a result of 
cleanup activities. 


WATER QUALITY SAMPLING 

Water quality data were collected at a minimum of 
three sites within each wetland at regular intervals 
to enable us to determine the degree to which 
water quality was being affected by the oil or was 
influencing the breakdown of the oil. South Eagers 
Creek Wetland was very shallow through most of 
the post spill sampling and data were difficult to 
collect effectively. 


Depending on the depth of the water in Spitfire 
Creek Wetland, profiles through the water column 
were collected. Temperature, salinity, pH, dissolved 
oxygen and turbidity data were collected using 
calibrated YSI 6920 turbidity, conductivity and 
temperature sensors. The percentage saturation of 
dissolved oxygen was calculated automatically by 
the probe software, adjusting for temperature. In 
addition to the in situ data collected, water samples 
were taken for laboratory analysis of Polycyclic 
Aromatic Hydrocarbon (PAH) concentrations and 
other toxicants associated with the oil. These are not 
discussed in this paper (see Bi et al. 2010). 


MAPPING AND MONITORING THE EXTENT OF 
THE OIL 

The depth and shape of the entrance to the wetland 
changed regularly over the cleanup and rehabilitation 
period. To inform the cleanup and management plan 
we undertook regular surveys to map the main channel 
and to monitor the extent of oil contamination. 
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FIG. 2. Flow diagram showing the adaptive process that was 
followed during the clean-up of the wetlands. 
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APPROACH TO CLEANUP AND MANAGEMENT 
We consulted the literature and other wetland cleanup 
plans to determine potential methods for cleaning 
the wetlands. Approaches such as cutting back of 
vegetation and bioremediation are well documented 
(Krebs and Turner, 1981; Baca et al. 1985; Zengel 
and Michel, 1996). We needed to adopt methods that 
suited the conditions of the affected wetlands which 
required trialling approaches before implementing 
them more broadly. The approach we followed to 
clean the wetland was to initially trial equipment and 
approaches on South Eagers Creek wetland and then 
to apply the lessons we had learned to cleaning up 
Spitfire Creek wetland. 


Principles which we adopted were: 

e The plan should be based on the best available 
scientific information 

e The plan should be regularly adapted in response 
to new information 

e The plan requires frequent analysis of distribution 
and relative abundance of oil 

e The plan should recognise the 
significance of the area 

e Cleanupandrehabilitation teams should recognise 
that wetlands are highly sensitive systems — need 
to reduce impact of cleaning 

e Clean-up teams should be dominated by 
Traditional Owners to ensure sensitivity to cultural 
and environmental issues and to build skills in the 
local community (in this case trainee rangers) 

e All oil and oiled material was placed into plastic 
bags or sacks and removed following Department of 
Environment and Resource Management protocols. 


Cultural 


Before each cleanup exercise, the team was briefed 
on the activities to be undertaken and on the level 
of caution that was required to protect the wetland. 
Aspects relating to team safety were also reviewed. 


CLEANUP PROCESS 

SOUTH EAGERS CREEK WETLAND 
Ascertaining extent and immediate impact of oil 

Oil was thickly coated on the sandy banks at the 
entrance and along the banks of the wetland. The 
banks along the first 50 metres of the wetland had a 
relatively steep gradient and oil covered the channel 
and a thin band along the land edge. South Eagers 
Creek wetland was very shallow at the time and the 
deepest area of the channel was approximately 1.5 
metres. The channel of this wetland was covered 
with a thick layer of detritus and there was also an 
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abundance of flotsam and jetsam (e.g. coconuts, 
pumicestone, plastics) that had washed in from the 
ocean. Much of this material was covered with oil. 
Sedges (Schoenoplectes validus) on the edges were 
covered with oil and patches of Triglochin striatum 
were smothered by oil. Clumps of Juncus krausii in 
the channel were dead. 


Clean-up approach 

The low impact approach restricted the number of 
people in the wetlands at any particular time, and 
utilised equipment which would not lead to perverse 
outcomes by causing greater impact than the oil. No 
heavy equipment was permitted into the wetland and 
care was taken when walking on the banks to prevent 
oil from being worked further into the sediment. 


Overhanging branches from Casuarina trees which 
hung into the water and were covered by oil were cut 
and removed from the wetland. Oil covering sand on 
the banks of the wetland was removed using shovels 
with care taken to remove oil affected sediment. 
Flotsam and jetsam were collected from the water and 
the edges of the wetland. 


Oil covered vegetation was cut to just below water levels 
and oil was carefully scraped from the base of exposed 
vegetation. Most oil was removed, however, it was not 
possible to remove all the oil as this would have meant 
that root matter would be affected, the bank structure 
compromised, and the vegetation may not have been 
able to regrow. It was recognised that bacteria in the 
wetland would break down the remaining oil once the 
dense areas of oil had been removed. 


Pool skimmers and rakes were trialled for removal of 
oil from within channels. They worked well and were 
used to scoop out oiled detritus. Rakes were used to 
remove some oil, but tended to break larger o1l clumps 
into smaller pieces. 


CLEANUP AND MANAGEMENT OF SPITFIRE 
CREEK WETLAND 

Ascertaining extent and immediate impact of oil 

A substantial (but unquantified) volume of oil was 
washed into Spitfire Creek wetland as a result of large 
and strong waves. The extent of oil in the wetland 
was mapped and the bathymetry of the affected area 
was established. Most of the oil had settled in the 
deeper channels of the wetland. Sand and vegetation 
on the banks of the wetland were covered with oil as 
was the extensive cover of flotsam and jetsam which 
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had also been advected into the wetland as a result 
of wave action. All instream vegetation in the oiled 
portion of the wetland was completely smothered by 
oil and was dead or dying. Substantial areas of sedges 
(Schoenoplectes validus) on each side of the wetland 
were covered by a thick layer of oil. 


Clean-up approach 

Removal of all oil would have resulted in the loss of 
large expanses of vegetation (including above and 
below ground biomass) and reduced the ability of the 
wetland vegetation to regenerate. It was determined 
that removing as much oil as required to reduce 
smothering and prevent direct toxicity on vegetation 
would enable the remaining oil to break down through 
biodegradation and weathering. 


Cleaners were restricted from entering areas with soft 
sediment to reduce impact. Nets and rakes were used 
to remove oil-coated flotsam and jetsam. Sedges and 
other vegetation that were coated in oil were cut back 
to their roots or to below water level. Rakes and pool 
skimmers were used to remove oil from the wetland 
channel. This was made difficult because the water 
was stained with tannins from wetland vegetation and 
it was not easy to see the bottom substrates. 


Assessment of oil distribution found large volumes of 
oil in the channels, which could not be removed using 
the methods that had been trialled so successfully in 
Eagers Creek wetland. Water quality profiles indicated 
that the water column was becoming stratified and 
bottom waters were becoming anoxic as oil began to 
be coated with bacteria, stripping oxygen from the 
bottom water (Figure 3c). 


Following an adaptive clean-up approach (Figure 2), 
the cleanup effort was scaled up, and a low-pressure 
suction pump with a small head was used. This 
method was relatively ineffective as detritus on the 
wetland floor often blocked the nozzle of the pump. 
This approach was used with caution to reduce the 
possible disruption of the detritus layer below the 
upper layer of sand in the wetland channel, an integral 
and important component of the wetland. 


After a short period using this approach, a significant 
rainfall event occurred on Moreton Island resulting 
in flows from the wetland increasing from below 100 
litres per second to over 5,500 litres per second. The 
entrance was scoured out and much of the oil from the 
channels was carried out of the wetland. The subsequent 
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FIG. 3. Graphs showing trends in surface (solid line) and above 
the substrate (dotted line) water quality over the clean-up period. 
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FIG. 4. Photographs of South Eagers Creek and Spitfire Creek wetlands shortly after the oil spill (a and c) and 12 months after 
the oil spill (b and d). 


high tide advected a portion of the mobilised oil back 
into the wetland and although strong flows prevented 
oil penetrating further upstream, oil was redeposited 
on banks and associated vegetation. 


Following these events, oil extent was remapped, and 
an assessment of the wetland was undertaken and the 
clean-up plan revised. The size of the cleanup team 
continued to be restricted, additional oil covered 
vegetation was cut at the base and oil was scraped 
from around the remaining root mass of vegetation 
using fingers. The root structure of vegetation was not 
compromised to maximise its ability to grow back. 
According to the wishes of the Traditional Owners, 
a small plot (2.5 X 5 metres) of sedges was removed 
entirely, including the root masses to test the effects 
of a more aggressive approach. This approach was 
unsuccessful and no regrowth occurred throughout the 
initial 12 months of the rehabilitation phase. 


The adaptive management approach ensured that there 
were periods of no activity in the wetland following 


intense clean-up exercises. This enabled inspections 
to be conducted, data to be collected and management 
plans to be revised. Once it became clear that the 
wetland was not being affected by the small amount of 
oil remaining. the wetland was left to enable bacteria 
and weathering to break down the remaining oil. 
Vegetation communities were recovering strongly at 
this stage with extensive regrowth of many taxa in and 
out of the channels of Spitfire Creek. 


Water quality in Spitfire Creek Wetland 

Water temperatures of Spitfire Creek wetland 
were generally above 20°C, ranging from 29.9°C 
during December to 18°C during July (Figure 3a). 
Conductivity varied over the study period, remaining 
fresh most of the period although after very high tides 
where there were associated large wave conditions, 
salt water entered the wetland and the water column 
became stratified. Conductivity increased marginally in 
the upper water column and substantially immediately 
above the substrate (Figure 3b). During the first period 
when the water was stratified (Figure 3c), dissolved 
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oxygen concentrations were considerably lower 
immediately above the substrate (14% saturation) than 
the surface (87% saturation). After oil was scoured 
from the bottom of the channel, dissolved oxygen at 
the bottom increased substantially, and although DO 
was slightly lower above the substrate compared to 
the top, it was not below 55% saturation (Figure 3c). 


RECOVERY OF OILED WETLANDS 

After 9 months there was no visible evidence that 
South Eagers Creek wetland had been affected by oil 
(Figure 4b). The wetland vegetation in Spitfire Creek 
wetland had undergone extensive regrowth and was only 
distinguishable from original vegetation by the age of the 
shoots that had regrown. Sedges (Schoenoplectes validus) 
were growing thickly in all areas where vegetation had 
been cut back (Figure 4c). Small tar balls (formed from 
weathered oil) were occasionally located and there was 
still a minor presence of weathered oil amongst some 
roots of vegetation. Emergent plants such as Nymphaea 
caerudea were present in the water column and there 
was evidence of biological activity with fish, crabs and 
other crustaceans in abundance. The fact that oil had 
been prevented from encroaching into the upper wetland 
by the placement of berms immediately following the 
spill ensured that organisms were available to ‘seed’ the 
recovery of fauna in the affected parts. 


After a year Spitfire Creek wetland had recovered very 
well and although a small amount of oil remained in 
the wetland, it was difficult to locate. The recovery can 
be seen by comparing the photographs in Figures 4c 
and d. The experimental plot (cleared of all vegetation 
at the request of the Traditional Owners) remained un- 
colonised at this stage. 


DISCUSSION 

The downstream areas of two wetlands on Moreton 
Island were significantly affected by oil ingressing 
from the ocean following the Pacific Adventurer oil 
spill. There was not sufficient time following the spill 
to prevent this encroachment of oil from occurring 
(e.g. by placement of offshore berms) and shortly 
afterwards, oil settled in the channels of the wetlands 
and covered vegetation on the wetland banks. We 
strongly recommend that when oil is advected into 
wetlands, immediate, significant, but non-invasive 
attempts should be made to remove floating oil before 
it sinks. This will reduce impact and will also decrease 
the effort required to remove oil from the bottom 
substrates, from vegetation and from the banks of 
oiled wetlands. 


The clean-up was aided by the sandy nature of the 
wetland banks, particularly closer to the beach. This 
enabled easier access to these areas to clean off the 
oil and reduced the potential for damaging the banks. 
Care had to be taken in areas where there was muddier 
sediment. Physical disturbance and compaction of 
vegetation and soils during clean-up activities has been 
shown to have detrimental and long lasting effects on 
marshes in Louisiana (Mendelssohn et al. 1990). 


The small area of Spitfire Creek wetland at which 
sediment stripping was trialled to remove all oil 
resulted in complete removal of vegetation, root 
masses and seeds, and there was no recovery after 18 
months, by which time all other vegetation affected by 
oil but cleared of oil had recovered. This is consistent 
with results reported by Krebs and Turner (1981) 
and clearly indicates the importance of ensuring 
that root masses and seed banks and where possible 
above ground biomass are maintained during clean-up 
processes to facilitate regeneration and recovery. 


Manual cutting of oil covered vegetation and a strong 
emphasis on leaving roots intact and undisturbed, 
worked well in the Spitfire Creek wetland, resulting 
in the aboveground biomass of reeds being similar to 
areas unaffected by oil within 9 months of cutting them 
back. Cutting back helped to remove most of the oil 
from the sedge-affected areas of the wetland. A small 
amount of oil remained on the sediment above the root 
masses and much of this was scraped back by hand. The 
nature of oil has been reported to be a strong influence 
on whether cutting should be used, with it being 
unnecessary to cut back sedges affected by light oils 
that can be easily cleared by water movement (Zengel 
and Michel, 1996), or where cutting reduces the ability 
of the vegetation to take up oxygen (Baca et al. 1985). 
Our work supports their conclusion that cutting can 
have excellent results when areas are contaminated by 
heavy persistent oil. Ji et al. (2007) found that heavy 
oils in a Phragmites wetland had no obvious adverse 
effects on reed height, number of leaves and some other 
physiological indices, but did inhibit the germination 
process. We found that the heavy oil coated vegetation 
in the affected wetlands displayed signs of oil impact 
and plants were beginning to die back fairly rapidly 
after the event. Wetland vegetation species vary in their 
responses to oil contamination and in their sensitivity to 
different levels of contamination (Pezeshki et al. 2000). 
The vegetation in these Queensland wetlands appeared 
to be sensitive to smothering, and regenerated strongly 
once oil was removed. 
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Water and oil samples were collected at a regular basis 
following the spill and tested for PAH concentrations. 
These have been reported separately (Bi et al. 2010). 
During the first 8 months after the oil spill, PAH 
concentrations of the water accommodated fraction 
decreased significantly. After 8 months, oil residues 
were still visibly left in the creek’s bottom substrates 
and thin films were visible on the water surface but these 
apparently did not leach appreciable toxic chemicals 
any more as all grab water samples gave results below 
detection limits (Bi et al. 2010). Passive sampler 
technology was required to detect differences between 
control and contaminated sites. Between 8 and 14 month 
post-spill, during which further residual oil was removed, 
the water quality improved further and the remaining 
toxicity related to PAH contamination was very low. 


High water temperatures (20-30°C) generally increase 
the rates of biodegradation of oil (Venosa and Zhu 2003). 
Water temperatures in Spitfire Creek wetland generally fell 
within this range and probably contributed to the positive 
response of the wetland. It should be noted however that 
a small amount of oil remained in the wetland after 14 
months and chemical pollutants could be detected using 
passive samplers. The slow flow of water through the 
wetland and decision to leave the small amount of oil 
to biodegrade to avoid impact on vegetation probably 
contributed to the minor traces of PAHs (Bi et al. 2010). 


Anoxia was a concern during the clean-up process and 
oxygen concentrations were monitored. Because flows 
through the wetland were generally low, there was a high 
risk that the high organic load from the oil and wetland 
material, and associated bacterial activity, would result in 
reduced oxygen at the bottom of the water column. Anoxia 
must be avoided to ensure that bacterial communities 
continue to biodegrade the oil (Atlas 1981). There were 
occasions when the water column was stratified above 
large quantities of oil and we prioritised these areas for 
rapid removal of oil to prevent anoxia. 


Early advice was provided to use a low volume pump to 
flush oil from the lower areas of the wetland with water 
sourced from the upper wetland (Raaymakers 2008). This 
approach was rejected as removing water from the pristine 
upper reaches of the wetland would have expanded the 
clean-up footprint and potentially impacted vulnerable 
fish species such as the Oxleyan Pygmy Perch. 


The two affected wetlands are highly important to the 
Traditional Owners of the island and care was taken 
to reduce impact on such significant sites. The teams 
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cleaning the wetland were comprised predominantly of 
Traditional Owners. Their involvement proved to be a 
highly successful approach. It enabled the TOs to take 
ownership of an issue affecting their community, helped 
them to develop skills, and aided tremendously with 
communication with Tribal Elders. There was greater 
confidence in the rehabilitation process by Tribal Elders 
because their own community was heavily involved. 
The good team approach helped to develop trust. 


The low impact approach to the clean-up process 
resulted in the clean-up taking more time than if higher 
impact approaches were adopted, but reduced negative 
impacts and minimised the clean-up footprint. Setting 
clean-up and rehabilitation objectives in consultation 
with Traditional Owners was a useful exercise and a 
comparison of historic photographs of the wetland 
with those taken after one year showed striking 
similarities between the types and extent of vegetation 
communities growing within and out of the water. 
Lack of baseline data (apart from much earlier studies 
of fish habitat preferences) made it impossible to set 
measureable objectives for the wetland recovery. Fish 
communities in Spitfire Creek wetland were affected 
by the impacts of the oil but recovered rapidly (Rissik 
& Esdaile 2011). 


CONCLUSIONS 

The wetland cleanup and rehabilitation was very 

successful for the following reasons: 

e Partnership approach taken with Traditional 
Owners to establish objectives and clean up the 
wetland. 

e Regular monitoring of water quality and oil 
extent and adaptation of management plan 

e Adopting a low impact approach to wetland 
rehabilitation to reduce the potential for 
additional, longer-term damage to the wetland. 

e Cutting back affected vegetation but making an 
effort to protect the root masses, enabled the 
sedges and other material to grow back strongly. 

e Reducing the amount of sediment and matter 
from the banks that needed to be removed 
maintained the seedbank and enabled vegetation 
to regenerate. 

e The large rainfall event increased flows for the 
wetland substantially and helped to flush thick 
oil masses from the channels and helped to 
prevent the need for potentially heavier clean-up 
equipment to be brought into the wetland. 

e The pristine nature of the wetland increased its 
resilience to impact from this one-off event. 
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RECOVERY OF FISH COMMUNITIES IN TWO FRESHWATER WETLANDS ON 
MORETON ISLAND IMPACTED BY THE PACIFIC ADVENTURER OIL SPILL 


RISSIK, D. & ESDAILE, J. 


On 11 March 2009, a 185 metre long container ship, Pacific Adventurer, lost 31 shipping containers 
approximately seven nautical miles east of Cape Moreton, near Brisbane while trying to enter Moreton 
Bay to shelter from the effects of Cyclone Hamish, a Category 5 cyclone. Damage to the ship caused 
by the falling containers resulted in the loss of a large quantity of heavy fuel oil into the ocean. The 
resultant oil slick affected two coastal wetlands in the northern sector of Moreton Island. Fish surveys 
had been conducted in the two affected wetlands before the oil spill and presented an opportunity to 
assess the impact and recovery of their fish populations compared to a control wetland. Data showed 
no effects of the oil in South Eagers Creek wetland and a decline in abundance and number of taxa in 
Spitfire Creek wetland in the month immediately following the incursion of oil. Within 6 months fish 
populations in Spitfire had increased to pre-spill numbers. The wetlands are habitat to the endangered 
Oxleyan pygmy perch, however there were no measured effects from the oil on populations of this 
species during the timespan of this study. 


David Rissik (d.rissik@griffith.edu.au), National Climate Change Adaptation Research Facility, 
Griffith University, Gold Coast Campus. OLD 4222, Australia. John Esdaile, Queensland Department 


of Environment and Resource Management. 41 Boggo Rd, Dutton Park, OLD 4102, Australia. 
Received: 21 July 2011; Revised: 23 August 2011; Accepted: 24 August 2011 


INTRODUCTION 

Coastal wetlands on Moreton Island provide 
important habitat for a variety of fish species, 
including the highly vulnerable Oxleyan pygmy 
perch (Nannoperca oxleyana Whitley 1940). 
Degradation and loss of habitat has led to declines 
in the geographic range and size of populations of 
this species in eastern Australia and it is listed as 
an endangered species at international, national and 
state (NSW) level (Knight and Arthington, 2008). 
The Oxleyan pygmy perch has been recorded in a 
number of sites in eastern Australia. Thirteen of 
these sites are located on Moreton Island, making 
it a very important area for the species (Knight and 
Arthington 2008). 


Moreton Island is a national park and part of the 
Moreton Bay Ramsar site which provides additional 
protection for and supports the long-term viability of 
the species in Queensland. The protection afforded by 
the Moreton Island National Park and other state and 
Commonwealth protective measures reduce threats 
to populations of N.ox/eyana identified in previous 
studies. These include variations in water quality, 
habitat destruction and encroachment of exotic fish 
and plants (Arthington and Marshall 1996, Knight 
and Arthington 2008). 


On 11 March 2009, an oil spill from the container 
ship, Pacific Adventurer occurred after 31 shipping 
containers fells from the ship while it tried to enter 
Moreton bay to shelter from the effects of Cyclone 
Hamish, a Category 5 cyclone. 


The resultant oil slick affected sandy beaches, rocky 
reefs and two coastal wetlands in the northern sector of 
Moreton Island, and beaches and mangroves wetlands 
along the Sunshine Coast. A total of 75 kilometres 
of mainland and coastline was affected. Many of the 
affected areas were located within the Moreton Bay 
Marine Park and the Moreton Bay Ramsar site. 


Much of the oil was deposited on beaches which were 
rapidly cleared by the emergency response teams and 
resulted in loss of infauna on the lower shore and 
swash zones (Schlacher et al. 2010). Oil was also 
washed onto rocky shores on the north of Moreton 
Island and caused significant mortality to associated 
fauna and flora (Stevens et al. in review). In addition to 
beach and rocky foreshore ecosystems, two freshwater 
wetlands on Moreton Island, at Spitfire and South 
Eagers Creeks, were affected by the oil spill when 
strong winds and associated large waves and rough 
seas advected oil over the beach and into the wetlands. 
The two wetlands South Eagers Creek Wetland and 
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FIG. 1. Maps of South East Queensland and Moreton Island showing location of Spitfire Creek Wetland and South Eagers 
Creek Wetland. The approximate location of the source of the oil spill is also shown (closed triangle). 


Spitfire Creek Wetland are habitat for the vulnerable 
Oxleyan pygmy perch. These habitats and their associated 
fish communities had been considered relatively secure 
because of the protection afforded them by Ramsar listing, 
National and Marine Parks. However the possibility of 
marine oil contaminating these freshwater wetlands had 
not been considered as a threatening process. 


Following the oil spill, a clean-up regime was 
implemented in the two wetlands (Rissik et al. 2011) 
and a fish monitoring program was implemented in the 
two wetlands, with a specific focus on NV. oxleyana. The 
aim of monitoring was to determine the effect of the oil 
spill and subsequent clean-up and rehabilitation on the 
species richness and relative abundance of native fish 
found in these wetlands. 


METHODS 
FISH SAMPLING 
The monitoring program built on a program of longer- 
term monitoring of fish communities in a number 


of wetlands on Moreton Island, including Spitfire 
(27.07167 S, 153.45146 E) and South Eagers Creek 
wetlands (27.09123 S and 153.254102 E; 1). Of the 
other wetlands that had been sampled previously and 
which were not impacted by the oil spill, one (North 
Eagers Creek 27.08518 S and 153.34139 E) was 
considered to be a suitable control site (Figure 1). 
These wetlands had been sampled in April 1994, 1998 
and November 2008. Following the oil spill, four 
surveys were conducted in the wetlands in April and 
October of 2009 and in April and September of 2010. 
Methods used were consistent over time. 


The previous sampling events were conducted as 
part of a wider project assessing freshwater fish 
populations and their relationship to habitat and 
disturbance on Moreton Island. The present study 
provided an excellent opportunity to determine the 
effect of oil contamination on fish species in the two 
affected wetlands. The primary method of sampling 
at both sites involved pulling a seine net (2.5m 
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Table 1. List of fish species captured in each of the three wetlands. X indicates the presence of fish in the wetland, 


a— indicates absence. 


Spitfire Creek South Eagers North Eagers 
Wetland Creek Wetland Creek Wetland 


Nannoperca oxleyana 
Rhadinocentrus ornatus 


Gobiomorphus australis 


Hypseleotris galii 


Anguilla reinhardti 
Mugil cephalus 


x 1.5m x 1m deep - constructed from 70% shade 
cloth, mesh size range 2-5mm) through shallow beds 
of submerged and emergent aquatic vegetation or 
through adjacent areas of open water and any other 
accessible areas. Five seine hauls were conducted at 
the same sites in each wetland on each occasion. This 
technique ensured standardisation of effort enabling 
data from each sampling occasion to be compared. 
On each sampling occasion, a number of unbaited 
commercial bait traps were set for 20 minutes around 
the sample area to increase the chance of capturing any 
fish species which may have avoided or been missed 
during the seine netting. The traps did not result in 
any additional taxa being captured during this study 
and the data have not been used in the comparison to 
ensure that standardised comparisons were made. 


All fish caught were identified, counted and returned 
to the water alive. 


DATA ANALYSIS 

A Bray Curtis similarity matrix was calculated based 
on the standardised counts of fish taxa collected at 
each site on each sampling occasion. This similarity 
matrix was used to generate a multi-dimensional 
scaling (MDS) ordination plot showing the structure 
of fish communities on each sampling occasion. This 
plot was used to visualise differences between fish 
communities in each wetland over time. 


RESULTS 
FISH COMMUNITIES 
A list of fish species captured in each wetland is given 
in Table 1. MDS analysis of fish communities showed 
that the communities of South Eagers Creek and 
North Eagers Creek wetlands were different however 


Hypseleotris compressa 





there was little temporal variability, including in 
Eagers Creek wetland immediately following the 
oil spill (Figure 2a). The fish community in Spitfire 
Creek Wetland had similarities to those in the other 
two wetlands, but the Spitfire community changed 
markedly in the April sampling event immediately 
following the oil spill (Figure 2b). The change to 
the fish community from Spitfire Creek Wetland was 
apparent for only one sampling occasion and was 
evidently relatively short-lived. 


The number of fish taxa caught in the three wetlands 
varied over time. Spitfire Creek and South Eagers 
Creek wetlands generally had more species present 
than the control location North Eagers Creek (Figure 
3). The only obvious response to the oil contamination 
of the two affected wetlands occurred in Spitfire Creek 
wetland where the number of taxa dropped from 
between 3 and 6 in past sampling events to 2 in the 
month following the oil spill (Figure 3). This was the 
lowest number of species captured in Spitfire Creek 
wetland over the duration of the study, where the 
mean number of species on each sampling occasion 
was 3.86. After 6 months the number of taxa captured 
increased to 5 and remained above 3 for the remainder 
of the study. In South Eagers Creek wetland the 
number of taxa caught on each sampling occasion 
ranged from 3 to 5 with a mean of 3.8. The number 
of species caught in North Eagers Creek wetland (the 
control location) was low, ranging from 4 species in 
1999 to 2 species on every other occasion, with a 
mean number of 2.3 species caught on each sampling 
occasion (Figure 3). 


The number of individuals caught on each occasion 
varied in each wetland (Figure 4). South Eagers Creek 
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FIG. 2. Multidimensional scaling ordination plot showing (a) 
changes to the fish communities in the two wetlands affected 
by oil (Spitfire Creek and South Eagers Creek) and North 
Eagers Creek which was unaffected by oil (Sp, Spitfire Creek 
wetland (dotted lines), SE, South Eagers Creek wetland 
(dashed line) and NE, North Eagers Creek wetland (solid 
line)), and (b) changes to the fish communities in Spitfire 
Creek over the study period. April sampling event is circled. 


wetland had the greatest abundance of fish caught per unit 
effort (average 33; ranging between 9 and 57), followed 
by Spitfire Creek wetland (15; ranging between 1.5 and 
28) and the North Eagers Creek wetland (6; ranging 
between 4 and 10). The only indication of an impact 
from the oil spill was seen in April 2009, immediately 
following the spill when only 1.5 fish per unit effort 
(seine hauls) were captured in Spitfire Creek wetland 
(Figure 4). This is well below the range of between 7 
and 28 fish per unit effort captured at other times. 
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OXLEYAN PYGMY PERCH (NANNOPERCA 
OXLEYANA) 

No clear trends or obvious responses to the oil spill 
were apparent from the number of individuals of this 
species captured during the study (Figure 5). Few 
individuals were captured in any of the three wetlands 
in the month following the spill and a similar number 
of individuals was caught a year later, indicating 
that numbers in April are consistenty low (Figure 5). 
Numbers of NV. ox/leyana were generally highest in 
North Eagers Creek control wetland. 


ORNATE RAINBOWFISH (RHADINOCENTRUS 
ORNATUS) 

The most abundant fish species in the three wetlands 
over the study was Rhadinocentrus ornatus. Regan 
1914. However in April 2009, the month following the 
oil spill, numbers in Spitfire Creek wetland declined 
substantially, with only one individual captured 
compared to between 5 and 25 caught during earlier 
surveys. After 6 months numbers had increased to 
within the range of numbers captured in this wetland 
at other times of the study (Figure 6). 


DISCUSSION 

South Eagers Creek and Spitfire Creek wetlands were 
affected by oil spilled from the container ship, MV 
Pacific Adventurer during Cyclone Hamish in March 
2009. The banks along the eastern ends of both wetlands 
were covered with oil and expanses of vegetation on the 
edges and in the channels were affected (Rissik et al. 
2011). Oil also sank to the bottom of the channels of 
the two wetlands. A clean-up program was undertaken 
following the spill, with the aim of removing as much 
oil as possible from the wetlands while minimising 
the impact of cleaning activities on the wetland, 
and allowing wetland processes to biodegrade any 
remaining oil. South Eagers Creek wetland received 
less oil than Spitfire Creek wetland and was cleaned 
up rapidly and effectively. Spitfire Creek wetland was 
affected by a greater volume of oil and the clean-up 
process took five months longer, but was ultimately 
effective in that vegetation grew back strongly on the 
banks and in the water and only a small and fairly 
amount of oil remained in the wetland (Rissik et al. 
2011, Bi et al. 2011). 


OXLEYAN PYGMY PERCH (N. OXLEYANA) 
The presence of the vulnerable Oxleyan pygmy perch 
in Spitfire Creek and North Eagers Creek wetlands 
has been well documented (Arthington and Marshall 
1996, Knight and Arthington 2008). This paper is the 
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first to report the presence of this species in South 
Eagers Creek wetland. The potential implications of 
the oil spill on two highly sensitive wetlands and a 
highly endangered fish species were serious, but there 
were no effects from the oil spill on the populations in 
the two affected wetlands. This is surprising given the 
loss of habitat in Spitfire Creek wetland as submerged 
sedges, macrophytes and woody debris are preferred 
habitat of the species (Knight and Arthington 2008). 
The decision to minimise the footprint of the clean- 
up on the wetland probably contributed to the relative 
lack of impact of the oil spill on this species, and 
furthermore, fish could have moved from the relatively 
unimpacted upper wetland into the lower wetland. 
Poor catchment and wetland management practices 
such as water extraction, dredging and channelization, 
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have been reported to be serious threats to the species 
(NSW Department of Primary Industries 1995), but 
oil from a marine oil spill has not been considered to 
be a potential threat to the species. 


FISH ABUNDANCE AND DIVERSITY 

The abundance and diversity of fish in Spitfire 
Creek wetland declined shortly after the oil spill. 
Rhadinocentrus ornatus in Spitfire Creek wetland 
was strongly affected by the oil spill, with abundance 
declining substantially in April 2009. The decline 
may have been caused by direct toxicity from the 
oil (Sved et al. 1997, Austin 1999). Alternatively, 
loss of fish habitat such as sedges and emergent 
and submerged macrophytes in the lower reaches 
of Spitfire Creek wetland may have contributed to 
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FIG. 3. Number of fish taxa captured in each wetland 
using seine nets. Data from April 2009 are from the month 
immediately following the oil spill. 


FIG. 4. Mean number of fish per seine net haul captured in each 
wetland. Data from April 2009 are from the month immediately 
following the oil spill. Error bars show standard error. 
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FIG. 5. Number of Nannoperca oxleyana per seine net haul 
captured in each wetland. Data from April 2009 are from the 
month immediately following the oil spill. Error bars show 
standard error. 





FIG. 6. Number of Rhadinocentrus ornatus per seine net haul 
captured in each wetland. Data from April 2009 are from the 
month immediately following the oil spill. Error bars show 
standard error. 
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this reduced abundance and diversity (Brinson and 
Malvarez 2002, Arthington and Knight 2008). After 
6 months the fish community had returned to pre- 
oil spill numbers and diversity concomitant with 
a strong positive response of the vegetation in the 
wetland (Rissik et al. 2011). 


The abundance and diversity of fish captured in 
the oil affected South Eagers Creek wetland did 
not vary relative to changes in the control wetland. 
This may reflect that reeds and some emergent 
and submerged macrophytes were unaffected 
by oil providing habitat to fish following the 
clean-up. In addition, most oil was removed 
from the South Eagers Creek wetland relatively 
quickly (Rissik et al. 2011), making conditions 
more favourable for fish. After 6 months, the 
diversity and abundance of fish in Spitfire Creek 
had returned to pre-oil spill levels. By this time 
vegetation communities had responded well to the 
clean-up and suitable habitat was available in the 
lower wetland. Occasional oil spills had no effect 
on the density or community structure of fish in 
rockpools following an oil spill off the west coast 
of South Africa (Glasson et al. 1997). 


Direct toxicity of oil to fish and the food they 
eat can affect the abundance and diversity of fish 
(Thronson and Quigg 2008). In freshwater wetlands 
biodegradation of oils and associated chemicals can 
be slow relative to marine systems because of lower 
oxygenation and the relatively slow movement of 
water (Bi et al. 2011). Photodegradation of oil can also 
be reduced because of tannin staining of the water and 
associated increase in light attenuation. Despite some 
small remnants of oil remaining in Spitfire Creek after 
8 months, oil associated toxicity in the water had 
reduced substantially over time and residue chemicals 
were not bioavailable and hence were unlikely to 
affect fish populations (Bi et al. 2011). 


AVOIDANCE OF OIL 

Fish are highly motile and have the ability to 
move away from unfavorable conditions such as 
hypoxia (Breitburg 2002). It is possible that rather 
than mortality resulting from toxins reducing fish 
numbers in Spitfire Creek Wetland, fish may have 
avoided the oil by swimming upstream into the 
unaffected upper reaches of the wetland. Flows 
through the wetland were relatively slow after the 
oil event had occurred and would not have impeded 
fish movement upstream. 
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CONCLUSIONS 

Spitfire Creek and South Eagers Creek wetlands 
were impacted by oil spilled from the Pacific 
Adventurer resulting in degraded water quality and 
loss of vegetation in their lower reaches (Rissik et 
al. 2011). The oil impacted the fish community in 
Spitfire Creek wetland where decreased abundance 
and diversity of fish immediately after the spill 
were evident. There was no immediate impact to 
fish in South Eagers Creek wetland. Fish in Spitfire 
Creek wetland returned to pre-spill abundance and 
diversity within 6 months once vegetation regrowth 
occurred. These wetlands are important habitats for 
the endangered Oxleyan pygmy perch (Nannoperca 
oxleyana), which was of tremendous concern to 
managers. However, the abundance of this species 
was not affected by the oil-spill. 


This study indicates that motile fish may be less 
sensitive to episodic events such as oil spills that do 
not affect all of the habitat available to them. The 
pristine upper reaches of the Spitfire Creek wetland 
may have provided refuge to fish escaping from 
oil contamination or a source of additional stock to 
repopulate the lower wetland when habitat and other 
conditions became more favourable. 
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ECOLOGY OF FRASER ISLAND’S PERCHED DUNE LAKES 


HADWEN, W.L. & ARTHINGTON, A.H. 


Fraser Island’s perched dune lakes are magnets for tourists. Our research has documented the ecological 
consequences of unregulated visitor use of these systems, with a focus on the likely visitor-mediated 
delivery of nutrients to these oligotrophic systems. In addition to threats from visitors, a significant 
sleeper issue for perched dune lakes is climate change. Perched dune lakes are not connected to 
the regional water table and water levels are known to fluctuate widely with local rainfall patterns. 
Given the projected changes in climate in the Fraser Island region - increased temperatures, reduced 
rainfall, increased evaporation and increased hydrologic variability — we anticipate that lake levels are 
likely to fluctuate even more in the future. These fluctuations are likely to have both ecological and 
infrastructure consequences. 


In this paper, we present a conceptual model of the natural nutrient dynamics in perched dune 
lakes, with particular emphasis on the effects of water level fluctuations and grazing organisms. We 
then superimpose visitor activities and climate change and increased climatic variability on model 
functions, and suggest how they are likely to intensify interactions between nutrient processes and 
fluctuating hydrology. We predict that visitor-mediated nutrient inputs will stimulate algal growth, 
but that the consequences of this increase in algal biomass, especially for consumer organisms (but 
also for visitors themselves), will differ between wet (high water level) and dry (low water level) 
periods. Understanding the dynamic nature of algal production in perched dune lake ecosystems in 
the context of an increasingly variable climate, is essential to inform how these systems should be 
managed, particularly for the highly visited systems that inevitably experience the additional stress of 
nutrient inputs from visitors. Maintaining the natural oligotrophic status of perched dune lakes is an 
important management principle. 


Wade L. Hadwen (w.hadwen@griffith.edu.au) & Angela H. Arthington, Australian Rivers Institute, 
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INTRODUCTION 
One of the striking features of the southern 
Queensland coastline is the abundance of relatively 
large sand islands. Occupying an area of 166 283 
hectares between 24° 35’ - 26° 20’S and 152° 45° - 
153° 30’E off the Queensland coast (Figure 1), Fraser 
Island is the largest of the group and is considered 
to be the largest sand island in the world (UNESCO, 
2001). One of the most unique and special features of 
Fraser Island is the number and diversity of perched 
dune lakes (Bayly, 1964; Timms, 1982). As their 
name suggests, perched dune lakes sit in depressions 
that lie above the regional aquifer (James, 1984). As 
such, perched systems only form when sand becomes 
cemented together with organic matter to form a semi- 
permeable B-horizon soil known as “coffee rock” 
(Bayly et al., 1975; James, 1984). As a consequence 
of this unique mode of origin, perched dune lakes are 
generally regarded as morphologically simple and 
hydrologically closed basins of rainwater (Bayly et 
al., 1975; Bowling, 1988; Arthington et al., 1990) and 


they typically do not have inflow or outflow creeks 
(Bayly, 1964). 


The abundance of perched dune lake environments 
on Fraser Island, in particular, not only contributed to 
the island’s successful nomination for World Heritage 
listing (UNESCO, 2001) but also to the boom in 
tourism on the island (Hadwen & Arthington, 2003; 
Hadwen et al., 2003). The most celebrated (and 
therefore visited) perched dune lake on Fraser Island 
is Lake McKenzie, which, at the height of the tourist 
season, receives in excess of 1000 visitors per day 
(Hadwen & Arthington, 2003). With more than 300 
000 annual visitors to the island, coupled with the 
fact that perched dune lakes are naturally oligotrophic 
(low nutrient, low productivity), these systems are 
under increasing pressure from visitors (Hadwen et 
al., 2003; Buckley 2004). 


The influence of visitors on the ecology of perched 
dune lakes has been the subject of considerable research 
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FIG. 1. Map of Fraser Island lakes with OzClim climate 
projection grids (upper zone and lower zone) shown. 


(Hadwen et al., 2003; Hadwen & Bunn, 2004; Hadwen 
& Bunn, 2005; Hadwen et al., 2005) and as a result, we 
know how, where and why visitor activities can alter the 
algal productivity and ecological functioning of these 
systems. Briefly, these studies have shown that visitor 
activities in the littoral zones of perched dune lakes can 
increase periphyton (attached algal) productivity and 
alter the pathways of carbon flow through aquatic food 
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webs (Hadwen et al., 2003; Hadwen & Bunn, 2004; 
Hadwen et al., 2005). Direct links between tourist- 
mediated nutrient inputs (from urine) and algal biomass 
accrual, supported by nutrient enrichment experiments, 
have identified visitors as a major potential threat to 
the condition of these oligotrophic lake ecosystems 
(Hadwen & Bunn, 2005). 


The research described above largely focussed on 
the role of nutrients (especially those delivered by 
tourists) in shaping the ecology of perched dune lakes. 
Although the influence of lake water level fluctuations 
was not explicitly stated in those papers, Hadwen 
(2002) proposed a conceptual model that links tourist- 
mediated nutrient inputs and nutrient processing to the 
natural cycle of water level fluctuations expected in 
perched dune lakes (see Figure 2). The model identifies 
how nutrient inputs in lake littoral zones can stimulate 
terrestrial and aquatic environments, depending on 
whether the lake has low or high water levels. 


At low water levels, nutrients can bypass the littoral 
zone (comprised of Lepironia articulata reeds 
and associated periphyton) and directly stimulate 
phytoplankton communities. Conversely, under 
high water levels where the L. articulata reedbeds 
are partially or fully immersed, nutrients are rapidly 
assimilated into periphyton biomass (as per the results 
from Hadwen et al., 2005 and Hadwen & Bunn, 2005). 
Excess nutrients may also stimulate phytoplankton 
communities under this scenario, as evidenced by 
increases in water column chlorophyll a in the littoral 
zone nutrient addition experiments of Hadwen and 
Bunn (2005). In addition to stimulating periphyton 
production and biomass accrual, nutrients may also 
stimulate the proliferation of unpalatable species of 
attached algae, either directly via competitive processes 
within the algal community and/or as a consequence 
of top-down pressure from grazers. Under stable 
lake conditions this is particularly likely to occur, as 
biomass and productivity will continue to increase with 
additional nutrient inputs into the system (Hadwen & 
Bunn, 2005). On the other hand, if water levels drop, 
much of the periphyton community attached to the L. 
articulata stems become exposed and begin to decay. 
Depending on the severity of the water level drawdown, 
dead and decaying periphyton can enter the open water 
(and act as a subsidy for phytoplankton communities) or 
the lake shoreline (and act as a subsidy to the terrestrial 
environment). Under the latter scenario, there is some 
chance the tourist-mediated nutrient inputs could be 
exported from the lake environment, but to what degree 
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FIG. 2. Conceptual model of nutrient dynamics in perched dune lakes on Fraser Island, with particular emphasis on the effects 
of water level fluctuations and grazers (modified from Hadwen 2002). 


this occurs is unknown, as very little is known of the 
interaction between terrestrial and aquatic ecosystems 
on Fraser Island. What we do know is that if terrestrial 
organisms do not utilise this aquatic subsidy (in the 
form of decaying periphyton), then subsequent rainfall 
and associated runoff is likely to transport this material 
back into the lake environment. This re-delivered 
periphyton material can then act as a pulse of nutrients 
into the system, which, coupled with visitor-mediated 
nutrient inputs, may greatly increase the response in 
primary producers and the consequences for higher 
trophic levels. 


Almost a decade on from the development of this 
conceptual model (and the work that underpins it), 
it is now evident that climate change also represents 
a major threat to Fraser Island (IPCC, 2007; ANU, 
2009). Although a recent Australian National 
University report (referred to as ANU, 2009), did not 
specifically investigate the impact that climate change 
will have on the perched dune lakes within the World 
Heritage Area, it did state that ‘Prolonged drought 


and/or water extraction may affect the supply of 
water to spring-fed streams and lakes. Eutrophication 
caused by recreational activity is already a major 
concern, and is likely to be exacerbated by higher 
water temperatures’. We agree with these individual 
statements, but propose that interactions between 
nutrient processes and variable hydrology will 
periodically intensify the effects of climate change. 
Our proposition is supported by similar statements 
by Bleckner (2008), who highlighted the synergistic 
effects of nutrient inputs and climate change for large 
lake ecosystems. We believe that not only will changes 
in temperature, rainfall and evapotranspiration 
influence water levels, but through links to nutrient 
and carbon cycles, it is possible that these fluctuations 
will shape lake response to visitor-generated nutrient 
inputs, through the links identified in Figure 2. 


In the context of our understanding of visitor impacts 
and climate change drivers, the aim of this paper is 
to examine how the future ecology of perched dune 
lakes is likely to be driven by these two major forces. 
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TABLE 1. Projected seasonal and annual changes (from current climate conditions) in mean temperatures, rainfall and 
evapotranspiration for lower and upper Fraser Island in 2030, 2050 and 2070. Projections based on OzClim Climate Change 
Scenario Generator, using the CSIRO-Mk3.5 model and the emission scenario SRES marker scenario A1B with a moderate 
global warming rate. 
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To do this, we bring together current understanding 
of tourist-mediated nutrient inputs and their effects 
on lake ecology and scenarios of the future climate 
of Fraser Island based on current climate change 
projections. This approach mirrors those recently 
suggested by Sipkay et al., (2009) and ter Heerdt et 
al., (2007) in their reviews of climate change effects 
on aquatic ecosystems. In both of these papers, the 
authors call for a process and model driven assessment 
of climate change consequences and emphasise the 
importance of understanding food webs and indirect 
effects of climate change on lake ecology (ter Heerdt 
et al., 2007; Sipkay et al., 2009). After evaluating the 
likely effects of climate and nutrient drivers on lake 
ecology, we then propose conditions under which 
visitor impacts might be exacerbated under a changed 
climate with increased climatic variability and discuss 
the implications for lake ecology, future visitation 
trends and management. 


MATERIALS AND METHODS 

STUDY AREA AND LAKES 

Fraser Island has a subtropical climate that is strongly 
influenced by the Pacific Ocean to the east, with mean 
annual temperatures ranging from 14.1°C to 28.8°C 
(Anon, 1991). Rainfall on the island is high, with in 
excess of 1800 mm falling on the highest dunes each 
year (Anon, 1991). Fraser Island is believed to be one of 
the few regions in Australia where annual precipitation 
exceeds annual evaporation (UNESCO, 2001), although 
rainfall is quite seasonal, with the wettest period being 
January to March and extended dry periods typical in 
winter and spring (BOM, 2010). 


The emphasis of this paper is on the perched dune 
lakes of Fraser Island, as these systems are likely to 
be vulnerable to both visitor impacts (Hadwen et al., 
2003; Hadwen et al., 2005) and changes in climate, 
particularly those relating to rainfall and temperature 
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(ANU, 2009). Perched dune lakes are widespread 
throughout Fraser Island, with more than 40 named 
lakes and numerous smaller systems (see Figure 1). 
Because they are basically just basins of rainwater, 
with no connection to the regional aquifer and no 
inflow or outflow streams (Bayly, 1964; Timms, 
1982), the water levels of most perched dune lakes 
are highly variable and they tend to respond directly 
to local rainfall (Bensink & Burton 1975, personal 
observations). Whilst lake heights have not been 
routinely measured on Fraser Island, major rainfall 
in early to mid 1999 resulted in significant water 
level changes in all of the perched dune lakes 
sampled by Hadwen et al. (2005). Given these 
observations and the ancedotal history of water level 
fluctuations, changes in climate that lead to drier 
and/or more variable rainfall patterns are likely to 
lead to even greater water level variability in these 
perched ecosystems. This prediction is consistent 
with the global view that increased climate 
variability, coupled with increased temperature and 
evaporation and a reduction in rainfall overall, will 
lead to more variable lake water levels (Bleckner, 
2008; Sipkay et al., 2009). 


To examine future climate and its implications for 
perched dune lakes on Fraser Island, we generated 
seasonal climate projections using the OzClim 
Climate Change Scenario Generator (http://www. 
csiro.au/ozclim/home.do). Specifically, we used the 
advanced climate projection tool and evaluated the 
changes, from 1990, of evapotranspiration (mm), 
mean air temperature (°C) and mean rainfall (mm), 
both on annual and seasonal scales. For all projections 
we used the CSIRO-Mk3.5 model and adopted the 
emission scenario SRES marker scenario A1B, which 
is a relatively moderate (and therefore conservative) 
climate change scenario. In keeping with the moderate 
theme we selected a moderate and conservative 
global warming rate (despite current evidence which 
suggests that we are tracking the most extreme IPCC 
scenario — IPCC 2007). This selection of moderate 
scenarios mirrors the approach used in recent tourism- 
climate change projects, like Turton et al. (2010). 
Furthermore, since the objective of this study was to 
highlight the need to incorporate climate change and 
climatic variability in perched dune lake management 
plans, it is not necessary to apply more extreme 
scenarios. All variables were interrogated for 2030, 
2050 and 2070 and for two sections of Fraser Island 
(southern and northern) on the basis of the available 
OzClim modelling grids (Figure 1). 


RESULTS 
PROJECTED CHANGES IN MEAN AIR 
TEMPERATURES 
Across both the upper and lower regions of the 
island (see Figure 1) and all time steps (2030, 2050 
and 2070), mean annual air temperatures are set 
to increase on the basis of the OzClim projections 
(Table 1). Temperatures are anticipated to increase 
slightly more in the lower part of the island than in 
the upper part of the island. Some relatively small, yet 
consistent, seasonal differences are also anticipated, 
with temperature increases likely to be smallest in 
spring, at least relative to the increases anticipated for 
summer, autumn and winter (Table 1). 


PROJECTED CHANGES IN MEAN RAINFALL 
Mean annual rainfall is anticipated to decrease 
substantially across both the upper and lower regions 
of Fraser Island, and through all three future time steps 
(Table 1). Even for the smallest projected change (for 
the upper region and by 2030), rainfall is projected 
to be 34 mm lower than current levels. In addition 
to this annual trend, the projections indicate marked 
seasonality in changes in rainfall. These changes are 
consistent for both the lower and upper parts of the 
island, with increased summertime rainfall (positive 
values) and reduced rainfall in autumn, winter and 
spring (negative values in Table 1). These projections 
indicate that wet seasons will become wetter and that 
dry spells might be expected to be longer through 
autumn, winter and spring. Whilst these patterns 
mimic the current seasonality in rainfall for Fraser 
Island (BOM, 2010), they intensify the pattern and the 
changes will potentially influence the water balance 
of the island. 


PROJECTED CHANGES IN 
EVAPOTRANSPIRATION 

Evapotranspiration is anticipated to increase annually 
and across all four seasons in both the lower and 
upper parts of Fraser Island (Table 1). Coupled with 
decreases in rainfall through autumn, winter and 
Spring, increased evapotranspiration rates are likely 
to result in faster and deeper drawdown of lake water 
levels between March and November. 


PROJECTED CHANGES IN TOURISM AND 

VISITATION SEASONALITY TO FRASER ISLAND 
Whilst we do not explicitly examine trends in visitation 
rates to Fraser Island in this paper, numerous studies 
have shown both increases and trends in visitors to 
the island over the past few decades. Significantly, 
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FIG. 3. Seasonality in visitation, rainfall, maximum temperatures and minimum temperatures in the Great Sandy National 
Park, Fraser Island, based on permit data collected between 1995 and 2000. 


World Heritage listing stimulated an incredible boom 
in tourism on Fraser Island, with visitor numbers 
rising from around 5000 in 1970 to around 500 000 
in 2009 (Alexander, 2009). Whilst evidence suggests 
that current growth is not likely to continue at such 
high rates, owing to global market trends and island 
infrastructure (Anon, 2002), it is likely that existing 
visitation will (at least) continue into the foreseeable 
future (Anon, 1998). Notwithstanding our expectation 
that visitation will remain at current levels for the 
next 5 -10 years, there are a large number of variables 
that need to be incorporated into projections of future 
tourism and visitation levels for areas like Fraser 
Island (Turton et al., 2010). These include changes 
in the tourism market — there is already a trend 
towards increased domestic visitation relative to 
international visitors — changes in global economies 
and, potentially, changes in visitation attributable to 
climate change itself (Turton et al., 2010; Hadwen et 
al., 2011). These latter changes can be manifested as 
changes in the push-pull markets of tourism, whereby 
visitors may find destinations more attractive if the 


climate at home is less tolerable, or, conversely, 
whether the climate at a destination has changed to 
the point that visitors think again about the timing of 
their visit, or indeed, whether they should visit the 
destination at all (Hadwen et al., 2011). It lies beyond 
the scope of this paper to examine all of the global 
variables that can influence tourism seasonality, but 
it is useful to consider how the projected changes 
in climate (summarised in Table 1), might influence 
future patterns of visitation to Fraser Island. 


In order to avoid extreme weather conditions, the 
current recommendations for walking on Fraser Island 
(from the BOM, 2010), is that optimal conditions 
exist between April and September. However, the 
climate of Fraser Island is generally pleasant all year 
round and there is no evidence to suggest that climate 
currently plays a critical role in determining visitation 
seasonality on Fraser Island (Hadwen et al., 2011). 
Instead, peaks in visitation occur during domestic 
holiday periods, particularly in Dec-Jan, March-April, 
June-July and September (Figure 3). In their study 
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of drivers of visitation seasonality to protected areas 
around Australia, Hadwen et al. (2011) concluded 
that the proximity of Fraser Island to large population 
centres in southeast Queensland ensures a steady 
supply of visitors. In fact, visitation to Fraser Island 
follows a quad-modal annual pattern, whereby peaks 
in visitor numbers coincide with the timing of school 
holidays. In contrast to the other climate zones assessed 
by Hadwen et al. (2011), the absence of a climate- 
driver explaining visitation seasonality suggests that 
visitation to Fraser Island might be buffered against 
climate change impacts — because visitors will come, 
principally during school holiday periods, regardless 
of the weather. 


Whilst current visitation patterns to Fraser Island are 
not tightly related to climate variables at present, the 
projected changes in Fraser Island climate (Table 1) 
will make the island less pleasant in summer than it 
currently is. Not only will summertime temperatures be 
higher, but increases in summertime rainfall, may, over 
time, also influence the timing of visits. If this occurs, 
the visitation seasonality to Fraser Island may change, 
with reduced summertime visitation due to climate. 


DISCUSSION 
HOW WILL CLIMATE CHANGE AFFECT THE 
ECOLOGY OF PERCHED DUNE LAKES? 
In broad terms, the OzClim projections of future climate 
for 2030, 2050 and 2070 suggest a drier and warmer 
future for Fraser Island (Table 1). These changes in 
mean annual rainfall and temperature will also lead 
to an increase in evapotranspiration (also modelled 
from OzClim — Table 1), potentially to the point at 
which rainfall no longer exceeds evapotranspiration. 
The implications of these changes, for perched lakes 
in particular, are considerably greater variability in 
water levels and more pronounced drawdown of 
water levels, particularly in the drier parts of the year 
through autumn, winter and spring. Significantly, some 
perched dune lakes that are currently permanently wet 
waterbodies may become seasonally or intermittently 
(interannually) dry. 


HOW WILL TOURISM RESPOND TO CLIMATE 
CHANGE ON FRASER ISLAND? 

Notwithstanding the effects of climate change that fall 
beyond the scope of this paper, like damage to roads 
and the loss of capacity for beach driving due to storm 
surge and sea level rises IPCC, 2007; Buckley, 2008; 
ANU, 2009), it is conceivable that the major response 
by visitors to the anticipated changes in rainfall and 


temperature is a reduction in visitation to the island in 
January. As shown in Figure 3, more than 10% of the 
annual visitor load is currently attributable to January, 
but if temperatures and rainfall increase in this summer 
period, we would anticipate that this percentage will 
fall. The implications of a loss of January visitors 
are likely to be strongly felt by tour operators, 
resorts and other forms of accommodation, many of 
which are already marginal businesses (Turton et al., 
2010). However, it is also conceivable that increased 
temperatures and reduced rainfall for the remainder of 
the year (between March and November in particular) 
might see an increase in visitation during these months. 
In effect, we may see a shift in tourism seasonality, 
whereby January visits gradually shift towards more 
visits during autumn, winter and spring. 


HOW WILL CLIMATE CHANGE AND VISITOR 
IMPACTS INTERACT AND INFLUENCE THE 
ECOLOGY OF PERCHED DUNE LAKES? 

In the context of the conceptual diagram of the 
interplay between nutrient inputs from visitors and 
changes in climate (Figure 2), there are a number of 
likely outcomes given the projected changes in climate 
presented in Table 1. 


First, there may be a greater and more pronounced 
export of materials from perched dune lakes to the 
adjacent terrestrial ecosystems, owing to extended 
annual dry periods from autumn through to spring. 
These aquatic subsidies may fuel significant new 
terrestrial/ecotonal production and, as such may, in 
time, change the nature of the fringing vegetation 
communities. For example, many species, like 
the carnivorous plants such as sundews (Drosera 
spatulata), which currently inhabit the intermittently 
flooded but predominantly terrestrial fringe of 
perched dune lakes, prefer (and therefore dominate) 
areas where nutrients are scarce. If periphyton- and 
ultimately tourist-derived nutrients are exported into 
these fringing habitats, these species may be replaced 
and outcompeted by species that can make the most of 
the increased aquatic subsidies. 


If the exposed and decaying periphyton (and its 
constituent nutrients and carbon) are not incorporated 
into new terrestrial production, then major rainfall 
events, especially those anticipated in the projected 
wetter summer months (see Table 1), will deliver 
significant pulses of materials back into the lake 
environment. Coupled with this delivery of nutrients, 
the warmer temperatures anticipated throughout all 
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seasons will likely stimulate significant algal production 
(Hadwen et al., 2005; Bleckner, 2008; Sipkay et al., 
2009). The consequences and magnitude of these 
pulses could have significant ecological effects on the 
food webs and overall condition of perched dune lakes. 
Not only would the contribution of periphyton carbon 
to consumers likely increase (a further demonstration of 
how human activities can shift the base of aquatic food 
webs — see Hadwen & Bunn, 2004), but periphyton 
biomass is also likely to accrue at a rate that outstrips 
the consumptive capacity of grazers, resulting in 
nuisance levels of algal material in lake littoral zones. 
As suggested by Hadwen et al. (2005) and Hadwen 
and Bunn (2005), excessive periphyton biomass may 
have significant implications not just for the food web, 
especially if non-palatable forms dominate, but also for 
visitors, who do not wish to visit degraded or nutrient 
enriched sites within World Heritage Areas (see Hadwen 
& Arthington, 2003). 


HOW SHOULD WE ADAPT TO ACCOMMODATE 
THE ANTICIPATED CHANGES IN CLIMATE 
AND TOURISM? 

The tourism sector is incredibly adaptable and will no 
doubt make the most of any climate-induced changes in 
the accessibility or appeal of the island at certain times 
of year (most likely to be summer) (Turton et al., 2010). 
Indeed, the increased temperatures and reduced rainfall 
anticipated through the bulk of the year may increase 
annual visitation and in effect be an opportunity for the 
tourism industry, especially during the winter months, 
which do not currently have high visitation. 


Changes in tourism, especially potential changes in tourism 
seasonality, have potentially significant consequences 
for the ecology of Fraser Island’s perched dune lakes. If 
visitation does increase through the extended dry season 
(March — November), then visitor-mediated nutrient 
inputs during this period may have significant flow-on 
consequences for the productivity and ecology of lake 
ecosystems. As identified in our conceptual model (Figure 
2), the implications of nutrient inputs during periods where 
lake levels are low or stable may be increased periphyton 
production and biomass accrual. Ultimately, the ecological 
consequences of tourist-mediated nutrient inputs in these 
increasingly variable perched dune lakes will be driven by 
the interacting effects of nutrient-stimulated littoral zone 
productivity and rainfall-stimulated changes in lake level, 
especially those dramatic changes likely to occur during 
high rainfall events. From an environmental management 
perspective, these changes and interactions add 
considerable complexity to the challenge of sustainably 


PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 


managing oligotrophic perched dune lakes on Fraser Island, 
but if we are mindful of these anticipated changes and can 
implement monitoring and early warning indicators now, 
the anticipated impacts may be manageable. 
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LEARNING FROM THE QUANDAMOOKA 


HARWARD-NALDER, G. & GRENFELL, M. 


A “new” (post-mining) “economic future” is being envisioned for North Stradbroke Island (Minjer- 
ribah) that is imbued with a “sustainability” mantle through the use of a “strong, green” label. As 
Quandamooka people, and as educators and researchers, our purpose in writing this paper is threefold. 
The first is to draw attention to the ways in which the act of ‘visioning’ is historically and culturally 
bound, and politically invested. The second is to highlight differences and similarities in epistemo- 
logical standpoints. The third is to raise questions for the future around how notions of sustainability 
are conceptualised. Historically, Anthropologists, Archaeologists and Natural Scientists trained in the 
Western tradition placed the highest value on new knowledge derived through the scientific method of 
objective empirical observation of physical phenomena. Contemporary Western science acknowledges 
the impossibility of earlier claims to objectivity, and has begun to place greater importance on, and 
incorporate, knowledge held by peoples Indigenous to a particular place. A point of difference between 
our knowledge systems was the historical position assumed in Western science that humans were au- 
tonomous from, and in control of, the natural world. The emergence of new approaches in scientific en- 
deavour, including Ecological Science, which adopts a ‘living systems’ approach that understands the 
interrelatedness of all things, and Ethno-geology, a place-based approach which studies how geological 
features are understood in Ancient cultures, has brought these two knowledge systems closer together. 
However some distance remains between the values we ascribe to, and our regard for, country. To those 
envisioning the post-mining economic future of our dune island, based on sustainability values, we 
pose the question: “Is what is to be sustained in your vision actually sustainable?” 


Glenda Harward-Nalder (g.nalder@griffith.edu.au) & Margaret Grenfell, Griffith University Indig- 
enous Research Network, Nathan, 4111, Australia 
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EPISTEMOLOGICAL AND ONTOLOGICAL 
INCOMPATIBILITIES 

It is well understood by Australia’s First Peoples that 
the act of ‘visioning’ is politically invested. Lieutenant 
James Cook’s claim of our country for the British 
Crown in 1770 was contingent on a prescribed way 
of seeing, a certain type of ‘double’ visioning that was 
both scientific and political. 


This double visioning was embedded within 
the instructions given to Cook, a cartographer, 
mathematician and navigator, by the British Admiralty 
on his appointment as Commander of the Endeavour’s 
expedition, overtly to observe the 1769 transit of 
Venus across the path of the Sun from a vantage 
point in Tahiti for The Royal Society of London for 
Improving Natural Knowledge. A second, covert 
mission conveyed in the Endeavour s Letterbook of 
1768 was King George III’s instructions to find and 
take possession for the British Crown of the purported 
“Continent or Land of great extent”: 7erra Australis 
Incognita (unknown southern land) (NAA, n.d.) 


Following the positivist ontological standpoint of The 
Royal Society, which was founded on the notion of 


acquiring knowledge by experimental investigation, 
Cook and his astronomer, Charles Green, used Halley’s 
scientific method to measure the distance from Earth 
to the Sun by observing and recording the transit of 
Venus. Other crew-members were selected for their 
scientific knowledge in astronomy and botany. 


The crew’s mathematically based scientific knowledge 
differed fundamentally from the relationally-based 
knowledge of the First Peoples whose islands and 
continents they studied. Indigenous knowledges are 
“concerned with similarity rather than difference, 
with synthesis rather than analysis, with symbiosis 
rather than separation ... (and) based in a belief 
that through (our) Great Ancestors (we too are) 
continuing co-creators of the Natural world” (Haynes, 
1996, pp 7-8). 


Whereas the Western system of recording and 
communicating knowledge is coded in the written 
form according to scientific conventions, Indigenous 
knowledge is held in a complex of symbolic forms, 
and disseminated according to the conventions of 
customary law. Significant astronomical events such as 
the appearance of comets and the periodical alignment 
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of planets commonly appear in the oral, graphic and 
ritual traditions of geographically dispersed groups. 
This localised knowledge is interconnected across 
the continent through songlines that encompass and 
integrate knowledge of sky, land and waters, plants, 
animals and people, past and present. Shared memories 
construct continuities between past, present, and 
future, and between the specific and general. 


ENVISIONING AN EMPTY LAND 

When Cook left Tahiti, navigating his ship westward 
to reach the southern coast of “New South Wales” 
on 20 April 1770, the existence of 7erra Australis 
Incognita was confirmed. Nearing the Quandamooka 
on his journey northward, Cook charted the coastline, 
using time-space mathematical calculations and 
navigational instruments to plot his ship’s trajectory 
within an imagined mathematical grid of horizontal and 
vertical lines, with which he correlated what his eyes, 
augmented by those navigation instruments, saw: 


“At sun set the northermost land in sight bore NBW, the 
breakers NWBW distant 4 Miles and the northermost 
land set atnoon which form’d a point which I nam’d 
Point lookout bore west “sats or Miles / Latitude 278° 
6’ / Longitude 20° ‘ to °° the northward *° of this 
point the shore forms a wide open Bay "ch! have named 
Morton bay? (NLA, n.d.) 


Simultaneous observations by Joseph Banks, the 
Endeavour s botanist, recorded a distant Aboriginal 
presence, foregrounded by a barren sandy barrier: 

“.. a large bay the bottom of which was out of 
sight. The sea in this place suddenly changd 
from its usual transparency to a dirty clay colour, 
appearing much as if chargd with freshes, from 
whence I was led to conclude that the bottom of 
the bay might open into a large river. About it 
were many smoaks especialy on the Northern side 
near some remarkable conical hills. At sun set the 
land made in one bank over which nothing could 
be seen; it was very sandy and carried with it no 
signs of fertility.” (NLA, n.d.) 


Arriving at furthermost tip of the continent’s east coast, 
landing on Possession Island just before sunset on 
Wednesday 22 August 1770, Cook enacted the second 
part of his covert mission “with the Consent of the 
Natives to take possession of Convenient Situations in 
the Country in the Name of the King of Great Britain” 
(NAA, n.d.). 
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Obtaining the consent of the Natives was avoided as, 
despite seeing and meeting the country’s First Peoples, 
and noting their huts and smoke from many fires during 
his voyage of discovery along the coast, under British 
law the country was declared terra nullius — an empty 
land — a land belonging to no-one. Our environmental 
footprints were invisible to the Western eye. 


Seeing an empty land opened the way for the east coast 
of Australia to be declared ‘real estate’ a derivation 
of the English term ‘royal estate’ - the estate of the 
king or queen, which extended as far as the royal eye 
could see. Making nothing something involved the 
act of naming the “Convenient Situations” (NAA, 
n.d.) after the Crown, or at least a member of the 
aristocracy. Here, in the Quandamooka, in subsequent 
explorations, that individual was Lord Morton, for 
whom Mulgumpin was renamed (but mis-spelled) 
Moreton Island. 


In an inversion of this double (scientific/ 
political; inquisitive/acquisitive) visioning, the 
epistemological and ontological orientations of the 
Negugi, Nunukal and Goenpul were then, and remain, 
relational and holistic. Where Joseph Banks saw the 
dune island of Mulgumpin as an infertile land, to the 
Negugi, Nunukal and Goenpul of the Quandamooka 
signs of fertility in this land and waters are always 
present not only in daylight, but also in the darkness 
of the night skies. Here, the constellations and 
celestial objects form a holographic representation 
of predictive and moral knowledge - the laws that 
sustained life in the Quandamooka for tens of 
thousands of years in harmony with the earth, our 
mother. 


Indigenous knowledge systems are not reliant on a 
single sense — vision — but on a combination of all of 
the perceptual senses. The land does not belong to us — 
we belong to the land, waters and skies. Ngugi Elder, 
Uncle Bob Anderson, holds and shares this knowledge, 
handed on by his Uncle Paul Tripcony, through the 
poetic creation legend of Mulgumpin, 7he Lightning's 
Playground. Within this legend is recounted not only 
the creation of fulgurites (natural hollow glass tubes 
formed in quartzose sand, or silica by lightning strikes) 
but a more profound understanding of the movement 
of thunder, lightning, fire, sand and water whereby 


“the potency of the translucent luminary presented by 
nature’s gifts, evokes the re-enactment of the eternal 
Dreamtime when children were conceived by the 


LEARNING FROM THE QUANDAMOOKA 


Father in his mind during a lightning sacramental 
fire flash, whence they were enclosed in the Mother’s 
body to complete the life cycle” (Anderson, 2006). 


Thus our understanding of phenomena — including 
living organisms - does not require the removal 
of parts from the whole, as in Western acquisitive 
scientific practice, which, at its most extreme, saw the 
participation of that scientific community in the trade 
of our body parts and in their global dispersal. 


Our knowledges are held and expressed viscerally 
and handed down through the generations. In 
Enlightenment science “astronomy” was separated 
from, and wholly discredited “astrology” which relied 
on transfer through “the initiation of a few into an 
essentially-secret knowledge” (Haynes, 1992). More 
recently this fragmented, specialist perspective has 
been revised in a new appreciation of our knowledge 
systems by Western science. 


So how do we bridge these demonstrably incompatible 
epistemologies and why is it important to do so? 


ENVISIONING A RESOURCEFUL LAND 
Tensions have always existed between the two cultures 
over the distinct ways in which we see, understand, 
and value the lands and waters of our dune islands. 


Less than 150 years after Cook’s proclamation, 
exacerbated by the sale of Crown lands from the 
mid-1800s, the footprints of European occupation 
had become so alarmingly visible that the State of 
Queensland introduced its first instrument of resource 
protection by the Governor-in-Council - the State 
Forests and National Parks Act of 1906 — to reserve 
areas as State Forest or National Parks. Through this 
legislative instrument, over one million hectares was 
placed under the management of the Department of 
Forestry from 1907. 


By the 1930s on Minjerribah, the second largest 
sand island in the world, European colonists were 
actively involved in conserving the forests of the 
dune island as voluntary rangers for the Queensland 
Forestry Department. This occurred at a time when the 
dominant economic driver, until its closure in 1947, 
was the government owned Benevolent Asylum. 


Divisions are most starkly evident from the era of 
high industrialisation of 1950s that was accompanied 
by a shift in focus of scientific endeavour to the 
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application of the discoveries of US World War Two 
defense scientists to the post-war world, exemplified 
in the formation of the Commonwealth Scientific 
and Industrial Research Organisation (CSIRO, n.d.). 
Industrialisation, fueled by consumer capitalism, 
brought a new economic vision of the dunes as 
mineral resources. Large, previously conserved 
vegetated areas of the dune islands were excised for 
lease for the extraction and export of minerals for 
manufacturing industries. 


The reality of the destruction of the fragile ecology 
of the dune islands brought, for the first time, the 
systematic attention of natural and social scientists 
(Ponosov, 1963; Keats et al., 1966) from the University 
of Queensland. Up until that period bureaucratic 
records, newspaper articles, historical papers, and 
anthropological texts documented interpretations by 
others engaged in close observation of our practices 
and our social and symbolic lives as custodians of 
these lands and waters. 


In 1963, filmmakers Arthur and Corinne Cantrill 
were moved to film a documentary, “The Native trees 
of Stradbroke Island” to record the native species, 
Casuarina equisetifolia, Pandanus pedunculatus, 
and two others collected by, and subsequently named 
after, the Endeavour '’s botanist: Banksia serrata and 
Banksia integrifolia that they perceived to be under 
threat. Their aim was to encourage the preservation of 
these species, which remained in small patches, where 
‘development’ had not razed the bushland. 


A move in government thinking toward an ecological 
approach to conservation was demonstrated in the 
creation of the National Parks and Wildlife Service 
in 1975 as a separate entity within the Department of 
Forestry to manage the National Parks estate. 


Plans for a bridge connecting the mainland and the 
island announced in the 1980s, alongside the growth 
in mining and residential development, as well as the 
centenary of the Royal Society of Queensland were 
catalysts for the publication of a volume of symposia 
papers under the title Focus on Stradbroke, covering 
the period 1974-1984. The 1984 symposium was held 
in partnership with the Stradbroke Island Management 
Organisation (SIMO), formed in 1978 by residents and 
visitors keen to see “wise” development decisions, 
that is, decisions that were based on reliable, well- 
researched information. In addition to the scientific 
papers, the contents included papers on early industries, 
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Aboriginal history and legends, and education and 
planning. Steel’s contribution “Aboriginal legends 
of Stradbroke Island” (Coleman et al., 1984, 371- 
384), Chenoweth’s “Recreational resources of North 
Stradbroke Island” (ibid, 371-384) and Maher’s 
“Pippies, panoramas and social processes: education 
and Stradbroke Island” (ibid, 406-412) reconsidered 
today, proved portentous in that as a collection they 
laid foundations for a futures-oriented sustainability 
agenda that was ethno-geographically informed, albeit 
at some remove. 


Conflict over land use and a way forward in a future 
that valued the “natural assets” (Ganter, 1992) of 
Minjerribah were the subjects of two public seminars 
that included for the first time the voices of the 
Quandamooka Aboriginal clans. Both were convened 
by Griffith University’s Queensland Studies Centre, 
with the second co-hosted by the Quandamooka Land 
Council. The first seminar “canvassed the way in 
which tourism recreational and residential interests 
converge and often conflict over the island” at a time 
when “debate was centred on town planning issues”; 
the second “canvassed forms of (I)ndigenous co- 
management which might serve as an alternative to 
the native title debate (and) the impact of mining on 
the island” (Ganter, 1997:2-3). 


In 1992 the High Court of Australia delivered its 
decision in the Mabo case, recognising Aboriginal 
property and Native Title rights, leading to the 
amendment of the Native Title Bill of 1996. 
This occurred shortly after the beginning of the 
Quandamooka People’s long journey to return 
our rights, beginning with the process of proving 
our unbroken connection to country. Although in 
1999 the Australian government issued an official 
expression of regret for past mistreatment of our 
people, concern that it would encourage claims for 
compensation, prevented the formal national apology 
sought by Aboriginal leaders until 2008, when the 
government was led by Prime Minister Kevin Rudd 
(Gooda, 2011). 


In the year 2010 - 240 years after Cook’s claim 
that ours was a land belonging to no one, evidence 
confirming our existence as The First Peoples of the 
Quandamooka and our unbroken connection to country 
was accepted and our title over our lands conceded 
by the Crown. Simultaneously, an announcement was 
made by the Queensland Premier that 80% of the area 
of Minjerribah would be reserved as National Park, 
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effectively eliminating sand mining from the Island’s 
economy, and restricting the range of future activities, 
including activities in that area associated with the 
exercise of native title rights to those permissible 
under the Nature Conservation Act (1992). 


“Nature” has value as both resource and as an object of 
science. The “meaning” of “Nature” under the Act is “all 
aspects of nature including ecosystems and their constituent 
parts; all natural and physical resources; natural dynamic 
processes; and the characteristics of places, however large 
or small, that contribute to their biological diversity and 
integrity; or their intrinsic or scientific value.” 


ENVISIONING SUSTAINABILITY 

In the short term, protection and conservation of 
the natural environment is being enacted through 
legislation. On April 21, assent to a new Act The North 
Stradbroke Island Protection and Sustainability Act 
2011 was given in Parliament. This new Act provided 
for the ending of mining in the North Stradbroke 
Island Region and for Indigenous joint management 
of particular land in the region, by amending The 
Aboriginal Land Act, 1991, The Nature Conservation 
Act, 1992 and The Sustainable Planning Act, 2009. 
This was primarily to regulate the nature of the 
joint management; to set the terms for the winding 
up of the mining leases, and to remove avenues for 
compensation in regard to sand mining. The latter Act 
(2009) introduces an obligation to consider sustainable 
outcomes in assessing the environmental impact 
of developments, with impact on climate change 
identified as a key factor influencing the sustainability 
of communities. 


The amendments to this Act listed in the Bill were 
concerned with extractive activities, and included 
restrictions on the amount of material that could be 
removed through dredging and other extractive means 
“to enable the Queensland Government to meet its 
commitment to create a strong, green future for North 
Stradbroke Island” (DERM, 2011). 


While “sustainability” in its legislated form 
regulates sand mining, expressed in the Queensland 
Government’s vision is a commitment to “land justice 
for Quandamooka, restoration of landscapes and 
family recreation”. 


Under the banner Sustainable Straddie, The 
Department of Environment and _ Resource 
Management (DERM) is_' implementing — the 
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Government’s vision to facilitate an economic 
transition from dependency on industrialised mining. 
Objectives set for its Vision for Straddie taskforce 
(comprising, in the main, small business operators) 
are “to undertake an economic analysis, investigate 
future economic development options and identify 
current and future employment opportunities that 
will help generate development activity on the 
island” (DERM, 2011). 


By restricting sustainability indicators to economic 
development and employment options, visioning 
remains constrained within the dominant 
epistemological paradigm. Furthermore, the economic 
dimension of this vision as it is defined through the 
mechanism of DERM’s taskforce, is constrained 
within a Western paradigm, with minority Traditional 
Owner representation. 


However, a post-extractive industry option recently 
canvassed by the taskforce - educational tourism — 
may open the way for the necessary paradigm shift 
— if certain conditions prevail. 


LEARNING FROM THE QUANDAMOOKA 
An apparent blind spot in the current (post-mining) 
visioning process is exploration of the meaning 
“sustainability” holds for the taskforce participants. 
Of particular concern is the values-basis of any vision 
that isolates and privileges the term “economic”. 


The Quandamooka Peoples’ experience of the uses 
of ‘the law’, as a structural element of the introduced 
(European) system has been control and domination 
based on the assumption of the autonomy of the human 
and its dominion over all things. At first (European) 
sight, the lack of a constructed (artificial, unnatural) 
environment substantiated terra nullius and justified 
dispossession. In contemporary bureaucratic discourses, 
the lands and waters are still regarded as natural resources 
to be “secured” for human use, driven by an economy 
based on an ideology that links “development” to growth 
in consumption and increased national productivity in a 
competitive global marketplace. 


The relational system that is the basis of Indigenous 
epistemologies sustains life through lore/law that 
is practised in everyday life. The principle of 
sustainability is clearly defined, ever present and 
fundamental to the culture and expressed in the 
daily practices of the Traditional Custodians of 
Quandamooka. Sustainability lessons are embedded 
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in the story of Miriginpa (the sea eagle whose nest 
is up high near the stars) and other stories that 
are communicated to visitors and residents in our 
welcoming ceremonies in dance and song. Thus 
reparation of this fragile ecology through a system 
of joint “management” requires epistemological and 
ontological paradigm shifts, to enable a vision for the 
future based on what our country is telling us about 
the health of her ecology. 


It is important that the contributions of the above 
mentioned authors to the collection edited by Coleman 
et al. (1984) are not overlooked as a point of transition 
in the paradigm shift whereby planning is based in 
the sustainability values that are clearly defined in 
our Lore/Law. Sustainability principles are ever 
present and fundamental to the culture and expressed 
in the daily practices of the Traditional Custodians 
of The Quandamooka. Sustainability lessons are 
communicated through our welcoming ceremonies in 
dance, song, and image. 


Achieving this goal within education institutions is 
unlikely within the current populist political climate 
where education policy has reverted to a focus on 
the development of technical skills at the expense of 
a curriculum that enables deep learning by making 
transparent its own epistemological and ontological 
foundations. For those who have taken responsibility 
for researching and envisioning economic transition 
through the delivery of educational tourism for a 
strong green future, the challenges are great. 


Historically, the spiritual vision of Christian missionaries, 
the racist visions of Crown-appointed “protectors”, and 
the reformist visions of benevolent Europeans can be seen 
to have worked synergistically to privilege the dominant 
paradigm. At the same time, the institutionalised 
schooling system introduced by European residents to 
the dune islands of the Quandamooka also worked to 
equip our people to adapt to the changes wrought by the 
actions that followed those visions through a process of 
integration (Keats et al., 1966). 


Recent investigations by natural and social scientists 
and reportage on their observations in oral and 
written form enabled the broader dissemination of 
research-informed arguments for the preservation of 
Minjerribah’s “natural assets”. 


Concession of Native Title was just the beginning of 
the long process of negotiating “uses” of Minjerribah’s 
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“assets” with state and local government sectors, 
where knowledge is compartmentalized. Our 
educational concerns are the retrieval and revival of 
our language, which, unlike the compartmentalizing 
Western approach (Uncle Ernie Grant, 2001) is 
holistic in its local context because Aboriginal culture 
is inseparable from land and language. 


Our Elders have very generously and freely shared 
their knowledge with early visitors to, and successive 
residents of, our dune islands. Aspects of what has 
been shared have been incorporated (sometimes 
appropriated) into the dominant knowledge system 
to some degree, but not to the extent that results in 
the epistemological and ontological shift required 
for ecological sustainability. This will require a 
radical shift in values, beginning with a vision for 
sustainability that de-couples the terms “development” 
and “economy” and critically examines the values 
system underlying the legislated “strong green 
future.” For government, this involves confronting 
“an uncomfortable and deep-seated dilemma wherein 
growth may be unsustainable” (Johnson, 2009:8). 


As argued throughout our paper, for the First Peoples of 
The Quandamooka, sustainability has meaning beyond 
the triple bottom line (economy, society, environment) 
triangle. To those envisioning educational tourism as a 
form of economic transition, the task must be altruistic, 
and debated fairly (Altman, 2011) whereby “growth” 
is redefined in ecological, spiritual and social terms, 
rather than in terms of greater consumption. 


LITERATURE CITED 

ALTMAN, J. 2011. “Fairly debating diverse 
Aboriginal futures”. Evidently. Tracker 1 (3):41. 
NSW Aboriginal Land Council. Capital Fine 
Print, Parramatta, NSW. 

ANDERSON, R. 2006. Letter to The Hon. Desley 
Boyle, Minister for Environment, Local 
Government, Planning and Women, Brisbane, 9" 
July, p. 2-3. 

CANTRILL, A. & CANTRILL, C. 1963. (Producers 
and Directors). The Native trees of Stradbroke 
Island. Four 6 minute 16mm motion pictures. 
Brisbane: Firebird Films. DVD Edition: Monash 
University Library in collaboration with the 
Australian Video Art Archive (AVAA). 

COMMONWEALTH SCIENTIFIC AND 
INDUSTRIAL RESEARCH ORGANISATION 
(CSIRO) (n.d.) The History of the Transit of Venus 
Fact Sheet. Accessed on-line April 23, 2011 from: 


PROCEEDINGS OF THE ROYAL SOCIETY OF QUEENSLAND 


http://www.csiro.au/resources/ps2ag.html# 1. 

COLEMAN, R. J., COVACEVICH, J. & DAVIE, P. 1984. 
Focus on Stradbroke: New Information on North 
Stradbroke Island and Surrounding Areas, 1974-1984. 
Boolarong Publications, Spring Hill, Brisbane. 

DEPARTMENT OF ENVIRONMENT AND 
RESOURCE MANAGEMENT (DERM) 2011. 
Newsletter Edition 1, Autumn. Queensland 
Government. Accessed on-line April 23, 2011 from: 
http://www.derm.qld.gov.au/stradbroke/index. html 

GANTER, R. (ed) 1992. “Whose Island? The Past 
and Future of North Stradbroke”. Proceedings of 
a Public Seminar held by the Queensland Studies 
Centre. September. Griffith University. 

GANTER, R. (ed) 1997. “Stradbroke Island: 
Facilitating Change”. Proceedings of a Public 
Seminar held by the Queensland Studies Centre 
with the Quandamooka Land Council. May. 
Griffith University. 

GOODA, M. 2010. Native Title Report. Human 
Rights Commission. Australian Government. 
Accessed on-line April 23, 2011 from: http://www. 
hreoc.gov.au/social_justice/nt_report/ntreport10/ 
chapter3.html 

GRANT, E. 2001. My Land My Tracks: A framework 
for the holistic approach to Indigenous studies 
developed by Ernie Grant, Dijirabal/Dyjirrabal Elder 
and statewide cultural Research Officer. Published 
by the Innisfail and District Education Centre. 

HAYNES, R. D. 1992. Aboriginal astronomy. 
Australian Journal of Astronomy. 4 (3) 127:40. 

JOHNSON, T. 2009. “Prosperity without growth? 
Transition to a sustainable economy” Report 
for the Sustainable Development Commission, 
UK. Accessed on-line January 23, 2011 
from: http://www.sd-commission.org.uk/ 
publications/downloads/prosperity_without_ 
growth_report.pdf 

KEATS, J.A., SMITH, H. M., ROGERS, C. C. 
& ROWE, G. P. 1966. Dunwich: A Study of 
Aboriginal and European Integration. Social 
Sciences | (1). University of Queensland Papers. 

MacPHERSON, Rev. P. 1881. Astronomy of the 
Australian Aborigines, Journal of the Royal 
Society of New South Wales, Sydney, pp71-80. 

NATIONAL ARCHIVES OF AUSTRALIA (NAA) 
(n.d.) “Secret Instructions to Lieutenant Cook 
30 July 1768” (UK) contained in the Letterbook 
carried on the Endeavour. Accessed on-line April 
23, 2011 from: http://www.foundingdocs.gov.au/ 
item.asp?dID=34 

NATIONAL LIBRARY OF AUSTRALIA (NLA) 


LEARNING FROM THE QUANDAMOOKA 501 


(n.d.) Cooks Endeavour Journal Entries for 17 SHAH, A. (1998-2011.) Global Issues — social, 


May 1770. Accessed on-line April 23, 2011 political, economic and environmental issues 

from: http://southseas.nla.gov.au/journals/ that affect us all. Accessed on-line April 23, 2011 

cook/17700517.html from: —_ http://www.globalissues. org/article/768/ 
PONOSOV, V. V. (1963-1964.) Results of an global-financial-crisis 

archaeological survey of the Southern Region of STANBRIDGE, W. E. 1857. On the Astronomy and 

Moreton Bay and of Moreton Island. University Mythology of the Aborigines of Victoria. Transactions 

of Qld, Dept of Anthropology. of the Philosophical Institute Victoria 2: 137-140, 
AUTHOR PROFILES 


Glenda Harward-Nalder and Margaret Grenfell, of the Griffith University Indigenous Research Network, are 
descendants of the First Peoples of the Quandamooka and are working and researching in the field of education 
and training. We pay our respects to our Ngugi, Nunukal and Goenpul Elders past and present through whom 
ancient knowledge that protects and sustains The Quandamooka is handed down through the generations. From 
the perspective of the present, we look back over recent history, which brought to our country European ways 
of knowing and being that were destructive. We look forward to a future where knowledge sharing brings to the 
fore the wisdom of our ancestors to sustain spirit, country and community. 


GUIDE TO AUTHORS 


Manuscripts for consideration in The Proceedings of the Royal Society of Queensland (PRSQ) may deal 
with any aspect of the Natural Sciences in the broadest sense, including related topics such as environmental 
conservation, management, restoration or policy. Manuscripts must demonstrate their relevance to furthering the 
Natural Sciences in Queensland. Preference will be given to papers devoted to the presentation and discussion 
of original research or to those containing significant review and interpretive qualities. 


The PRSO will consider the following types of manuscripts for publication: 

(i) Full Scientific Papers — Full papers must include substantial new data or encompass a substantial review 
and or interpretation of existing data that has not be published elsewhere accept in preliminary form. 

(ii) Short Communications —-A maximum of 4000 words. Primary research articles reporting discrete items of 
completed research or topical reports of developments relevant to natural sciences in Queensland, but not 
necessarily based on scientific research (e.g. environmental regulatory issues). 

(iii) Thesis Abstracts -A maximum of 500 words. Thesis abstracts aim to disseminate and summarise work 
performed at the Honours, MSc and PhD level. A copy of a University certified letter notifying the award of 
the degree, signed letter from the academic supervisor or other official evidence that the requirements for 
the award of the degree have been satisfied is required before the abstract will be accepted for publication. 
All thesis abstracts will be reviewed by the Editor and revisions may be sought to get the abstract to 
comply with PRSO standards. 

(iv) Opinion Papers — (or Commentaries) — These must provide a logical, supported discussion of a defined 
issue that is relevant or topical to the natural sciences of Queensland and may include a summary of 
available information, without necessarily new information. Opinion papers should include an abstract, 
introduction and conclusion as well as the appropriate headed sections within the paper. Opinion papers 
are reviewed only for editorial content. They are intended to provide an avenue for discussion and debate. 
The editorial board reserve the right to invite experts to provide counter arguments. 

(v) Historical Papers - A maximum of 6000 words, describing historical events of key issues related to 
the natural sciences of Queensland. These papers should include an appraisal of important events or 
issues, potentially including lessons to be learnt that could contribute to the conservation, management 
or restoration of Queensland natural resources. The aim of historical papers is to capture expert and 
anecdotal knowledge of the sequence of events and management responses leading to the current situation 
of natural resources in Queensland (e.g., History of the biological control of weeds, such as prickly pear, 
in Queensland). Authors are encouraged to refer to previous papers in the PRSO relevant to the topic and 
discuss the changes since these papers. 

(vi) Biographical Memoirs — A maximum of 1000 words. Memoirs should summarise the contributions of 
a person to the advancement of natural sciences in Queensland. Memoirs can be of living or deceased 
persons. Where possible a photograph of the person should be included, for printing in black and white. 

(vil) Book Reviews — Book reviews will be included on relevant books that are not more than two years old. 
They are to be a maximum of 500 words and should summarise the content of the book and its relevance 
to the Proceedings’ readers. 


Thesis Abstracts, Biographical Memoirs and Book Reviews will be subject to review by a member of the 
editorial board. All other manuscripts will be subject to peer review by at least two independent reviewers with 
expertise in the field of the submitted manuscript. Additional reviews may be solicited by the Chief Editor in 
light of comments raised by reviewers. While authors may recommend potential reviewers for their manuscripts, 
the final decision of choice of reviewers rests with the Chief Editor. 


The PRSOQ acts to highlight research and researchers relevant to Queensland. To further this, an ‘Author 
Information Box’ may appear at the end of each paper. It contains brief details of the authors and the overall 
research project in which the published work has been carried out. This is not an acknowledgement, but rather 
provides readers with an outline of the research teams or groups responsible for the work. It can be up to a 
maximum of 100 words in length. 


MANUSCRIPTS 


Ie 


Z 


7. 


8. 


The author, or at least one of the authors, must be a financial member of the Society (this is not a requirement 
for publication of student thesis abstracts). 
Manuscripts should be formatted for an A4 sized page with wide margins (at least 2.5cm). Text should 
be double spaced and every page (including the title page) numbered. Please use the word processing 
software to number all lines in the manuscript sequentially. 
Scientific manuscripts, in general, should be organised as follows: Title page (title, names and addresses 
of authors); ABSTRACT (300 words maximum); INTRODUCTION; MATERIALS AND METHODS 
(including study area); RESULTS; DISCUSSION; ACKNOWLEDGEMENTS; LITERATURE CITED; 
AUTHOR PROFILE (100 words maximum). Alternative headings may be relevant for other types of 
manuscripts; please consult the Chief Editor if clarifications are required in this regard. 
Titles and subtitles should be uppercase, in bold, on a separate line, without indentation. Paragraphs should 
be separated by one line with no indentation. 
References should be arranged alphabetically under authors’ names. Publications by the same author(s) in 
the same year should be listed as 1993a, 1993b etc. Several papers by the same author should be arranged: 
sole author; one co-author; several co-authors (listed chronologically). 
Periodicals: 
COMITA, G.W. 1968. Oxygen consumption in Diaptomus. Limnology and Oceanography 13: 51-57. 
WENG, H.T., MATHER, P.B. & CAPRA, M.F. 1994. Assessment of genetic differentiation in 
trumpeter whiting (Si//ago maculata Quoy & Gaimard) populations in Moreton Bay. Proceedings of 
the Royal Society of Queensland 104: 11-17. 
Books and other: 
BRODY, S. 1945. Bioenergetics and Growth. (Reinhold Publishing Corp. New York). 
UNDERWOOD, A.J. & CHAPMAN, M.G. (eds), Coastal Marine Ecology of Temperate Australia. 
(University of New South Wales Press Ltd. Sydney). 
JONES, A.R. 1995. Sandy beaches. Pp. 136-151. In Underwood, A.J. & Chapman, M.G. (eds), Coastal 
Marine Ecology of Temperate Australia. (University of New South Wales Press Ltd. Sydney). 
In the text references should take one of the following forms: Mather (1994); (King, 1993); (Fletcher, 
1947; Anderson, 1954; Jones, 1966); Fletcher & Anderson (1967); and for more than two authors, Weng 
et al., (1994); and (Weng et al., 1994). 
Accuracy in calculations, figures, tables, names, quotations, references etc. is the complete responsibility 
of the author(s). 
The use of italics is restricted to names of genera and groups of lower rank. 


TABLES & FIGURES/ILLUSTRATIONS 


1. 
2. 


3. 


Place Tables and Figures/Illustrations after the References 

Large tables should be avoided. Each table should be typed on a separate page, be numbered and have a 
brief title. 

Editorial discretion may be exercised to encourage authors to ensure that the number of tables and figures 
and kept to minimum. 

Line drawings should be of a high quality (at least 300dpi). If manuscripts are submitted in hard copy, 
please provide line drawings on good quality A4 paper (preferably on glossy paper). Large illustrations 
and collections of individual drawings on tracing paper should be photo-reduced/at a high resolution (at 
least 600dp1) onto good quality (preferably glossy) A4 paper. 

Photographs should be of good contrast and a high resolution (at least 600dp1); if providing a hard copy, 
please ensure the photos are sharp and that glossy copies are supplied. 

For figures/photos submitted as hard copies, the figure number, and first author’s name, should be on the 
lower front side (line drawings) or reverse side (photographs) in pencil. 

Illustrations should be designed to fit the journal page width (14cm) or single column width (6.8cm) and 
be capable of 50% reduction without becoming illegible. 

Figure captions should be typed on a separate page at the end of the manuscript in the form: FIG.1. Study region. 
Colour illustrations may be included, at the expense of the author. 


SUBMISSION OF MANUSCRIPTS 

The Proceedings is moving towards an electronic manuscript handling system. 

1. | Authors are requested to submit manuscripts electronically to the Chief Editor (editor.prsq@gmail.com). 
Where authors are unable to submit manuscripts electronically, they can submit three paper copies of the 
manuscript, and an identical electronic version on CD, via regular mail to “Chief Editor, PRSQ, Royal 
Society of Queensland, PO Box 6021, St. Lucia QLD 4067, Australia”. 

2. Please submit manuscripts in MS-Word format. Please discuss with the Chief Editor if you are considering 
submitting the manuscript in an alternative format. 

3. Electronic copies of figures and photographs should be supplied (at a resolution of least 300dpi [600dpi 
preferable]) in jpeg/tiff or similar format once manuscripts are accepted. 


COSTS 
There are no page charges for publication in the PRSQ. The Chief Editor will advise authors of the cost of 
reprints. Student thesis abstracts are published in PRSO free of charge. 


BHL 
> 


Blank Page Digitally Inserted 





